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ABSTRACT
The plant carbon-fixing enzyme, ribulose 1,5-bisphosphate carboxylase/oxygenase 
(rubisco) catalyses the reaction of CO2 with ribulose 1,5-bisphosphate (RuBP). The 
overall reaction occurs as a sequence of events involving multiple transition states, 
providing opportunities for alternative reactions to occur. The most significant being the 
oxygenation of the RuBP-derived enediol. This side-reaction competes directly with 
carboxylation and reduces the efficiency of carbon fixation. The Mn2+-activated rubisco 
oxygenase reaction generates chemiluminescence which provides a new approach for 
investigating rubisco oxygenation.
To characterise the relationship between rubisco oxygenation and luminescence these 
activities were compared for Mn2+-activated rubiscos from three different organisms. 
The intensity of the luminescence relative to oxygen uptake for the rubisco luminescence 
(expressed as m V .m in.nm ol' 1 O2) indicated that the enzyme from spinach (a 
hexadecamer, LsSs) emits more light per oxygenase turn-over than the cyanobacterial 
(Synechococcus PCC 6301) LsSs form and the bacterial (Rhodospirillum rubrurn) L2 
form.
The dependence of the luminescence on the presence of oxygen was confirmed by a 
complete extinction of light in the presence of an enzymic O2-trapping system.
It was found that Mn2+-rubisco activity was sensitive to changing reaction conditions. 
Rapid changes in the activation state of the enzyme appear to be the cause, although the 
occurrence of non-enzymic reactions involving Mn(II) complexes in reaction mixtures 
complicates the situation. These findings highlight the requirement for careful choice of 
reaction conditions when measuring Mn2+-activated rubisco catalysis.
Quantum yields for the LsSs rubiscos from spinach and Synechococcus were insensitive 
to changing reaction temperature and pH. Conversely, the quantum yield for the L2 
rubisco from R.rubrum was affected by these conditions, most likely reflecting changes 
to the extent of quenching of the light emission. The immediate environment of the 
excited state and the active site Mn2+ ion is likely to significantly influence quenching. 
This suggests that changing pH and temperature influences the conformation and/or 
mobility of certain regions of the L2 rubisco active site. The lack of effect on LsSg 
rubiscos may reflect a greater degree of configurational control over the oxygenase 
reaction sequence than the L2 form of the enzyme.
Over extended reaction periods, Mn2+-rubiscos inactivated considerably more than their 
Mg2+ forms. LgSs Mn2+-rubisco inactivation could largely be attributed to an oxygen- 
dependent reaction, indicating either the formation of oxygenase-dependent side-reaction 
products or an irreversible oxidation of the active-site Mn(II) species. For the dimeric 
Mn2+-activated rubisco from R.rubrum , excluding oxygen only slightly alleviated the 
decline in carboxylase activity. Therefore, it seems that a loss of activation state (a 
decline in the amount of the ECMn form) also occurs during catalysis.
The luminescence produced by a site-directed mutant rubisco from R.rubrum (E48Q) was 
examined. This enzyme has a glutamine substituted for the glutamic acid reside at 
position 48. Glu48 forms a salt-bridge with Lys329, situated at the tip of a C-terminal 
region (loop 6) which influences partitioning between carboxylation and oxygenation. 
The maximum luminescence for E48Q was 55.6 % of the wild-type maximum. It 
occurred 1 second after initiating catalysis and was followed by a rapid decline to a 
steady-state activity of 4.5 % of wild-type. Oxygen uptake (steady-state) for the Mn2+- 
activated E48Q rubisco was 1.8 % of wild-type. Unlike the Mn2+-activated wild-type 
rubisco from R.rubrum , only a minor component of the rapid decline in activity of the 
mutant was due to a loss of activation state and/or inhibition by side-reaction product 
formation. Therefore, the reaction profile may reflect burst kinetics for formation of the 
(02-dependent) excited state which is responsible for light emission. That is, in the initial 
turn-over, the excited state forms rapidly but it is followed by much slower, rate limiting 
events. This would imply that the mutation at Glu48 impairs the events leading up to 
excited state formation and light emission much less than the overall reaction rate.
Mogel and McFadden (1990) attributed the Mn2+-rubisco luminescence to a dimol 
emission from singlet oxygen. However, Lilley et al. (1993) later proposed the active 
site Mn2+ ion as the light emitting species. A survey of the influence of different 
compounds known to be reactive towards singlet oxygen was conducted. The results of 
this indicate that a light emission originating from the formation of a singlet oxygen dimol 
complex in bulk solution is unlikely. Emission spectra for the spinach and R.rubrum  
rubisco luminescence were measured and are consistent with an emission from the active 
site Mn2+ ion.
Confirmation that the luminescence is dependent upon a reaction with O2 and that the 
active site Mn2+ ion is the light emitter enables a general mechanism to be proposed. The 
identity of the excited state that stimulates Mn(II) luminescence remains to be identified. 
Alternative mechanisms are discussed. While there are key aspects that remain to be 
resolved, any further insights into the mechanism which culminates in light emission can 
only contribute to an understanding of the rubisco-catalysed oxygenation.
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CHAPTER ONE
THE CARBON FIXING ENZYME, RIBULOSE-l,5-BISPHOSPHATE
CARBOXYLASE/OXYGENASE.
2
1.1 IN TR O D U C TIO N
D-ribulose-l,5-bisphosphate carboxylase/oxygenase (rubisco, E.C. 4.1.1.39) catalyses 
both carboxylation and oxygénation of the 5-carbon carbohydrate, ribulose-1,5- 
bisphosphate (RuBP) (Figure 1.1).
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Figure 1.1 The carboxylation and oxygenation of RuBP.
The carboxylation (C-C addition) is the point of entry for carbon into the autocatalytic 
photosynthetic carbon reduction cycle (Figure 1.2) and represents the most quantitatively 
significant means for synthesising new organic material on earth. Rubisco is present in 
phototrophic and chemotrophic organisms which can utilise atmospheric C 0 2 as a carbon 
source. All other species are ultimately dependent upon this primary input to fulfil their 
carbon requirements. Therefore, the reaction between RuBP and C 0 2, a process which 
does not occur uncatalysed, can be viewed as the first anabolic event of the carbon 
nutrient cycle in the biosphere.
3
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\
carbon reduction 
cycle
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4 4
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H20  (O
Figure 1.2 A schematic representation of the photosynthetic carbon reduction and photorespiratory cycles 
(stoichiometry omitted).
The rubisco-catalysed oxygenation of RuBP directly competes with the carboxylase 
reaction; and, in combination with a low turn-over number for carboxylation (kcat ~ 3 s_1 
for higher plant rubisco), it can contribute significantly to carbon-carbon addition being a 
rate limiting step for photosynthesis.
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The RuBP oxygenase reaction represents the point of entry into the photorespiratory path 
(Figure 1.2). Apart from recycling phosphoglycolate back into 3-phosphoglycerate and 
the carbon reduction cycle, there is no apparent function for photorespiration. Rather it 
seems that the oxygenation of RuBP occurs as a consequence of the reactivity of the 
RuBP-derived endiol(ate) formed in the rubisco active site, and that photorespiration has 
evolved as a response to this. Photorespiration consumes energy in the form of ATP and 
NADH, and releases nitrogen and carbon as NH3 as CO2, respectively, both of which 
must be reassimilated at further energy cost to the organism.
Photosynthetic organisms exist in a variety of environments and there is significant 
variation with respect to the extent that their rubiscos are able to specify between RuBP 
carboxylation and oxygenation (see Section 1.2.4). The selective pressure of the RuBP 
oxygenation can perhaps be inferred from the variety of biochemical and physiological 
mechanisms that have evolved to increase the amount of CO2 that becomes available for 
carbon fixation in the chloroplast. However, the characteristics of higher plant rubiscos 
today must also be considered in the light of the changes in the atmospheric 
concentrations of CO2 and O2 that have occurred since the first photosynthetic organisms 
appeared on earth. At this time, at least 2.7 billion years ago, the atmospheric O2 
concentration would have been low (less than 1% of the atmosphere) and it would have 
remained so for about 750 million years. This represents the time required for enough 
dioxygen to have been produced to oxidise the considerable amount of reduced iron 
(Fe(II)) in the earth's oceans. Once this occurred the dioxygen biosynthesised by 
photosynthetic organisms would have accumulated rapidly to reach an atmospheric 
concentration of between 17 to 21 % (Williams and Frausto da Silva, 1996). 
Atmospheric CO2 levels on the other hand, are thought to have fluctuated between 0.5 
and 0.3 % up until about 450 to 350 million years ago when a sharp decline to about 0.03 
% occurred. Then, about 250 million years ago, CO2 levels rose again to 1% after which 
an overall gradual decline occurred to the existing level of 0.03 % (Graham et al., 1995). 
Therefore, when compared to the 2.7 billion years that photosynthetic organisms have
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existed on earth, the present low atmospheric CO2/O 2 ratio can be seen to have come 
about relatively recently.
From an agricultural perspective, increasing the rate and efficiency of photosynthesis 
through modification of rubisco activity by genetic means is often cited as a strategy for 
improving crop productivity. Engineering an enzyme with a higher specificity for CO2 
and/or an increased kcat for carboxylation could provide a means to increase the energy 
efficiency and reduce the rate limitation of carbon fixation. A pre-requisite to this is an 
understanding of key differences between the rubisco-catalysed carboxylation and 
oxygenation.
6
1.2 RUBISCO CATALYSIS
Several reviews in recent years have provided comprehensive accounts of the 
experimental findings which have contributed to the current understanding of rubisco 
catalysis (Andrews and Lorimer, 1987; Schloss, 1990; Hartman and Harpel, 
1993,1994). The outline of rubisco reaction mechanisms presented here is based upon 
these reviews.
Overall, rubisco catalysis is viewed as a reaction scheme of multiple events and transition 
states. Since it is a multi-step process, producing a sequence of reactive transition states 
or reaction intermediates, there is opportunity for the occurrence of alternative reaction 
paths. An understanding of how rubisco exerts control over the passage of substrate 
through these events, particularly in the context of the nature of the chemistry involving 
the competing substrates, CO2 and O2, is by no means complete. However, the 
elucidation of various rubisco crystal structures (Section 1.3) and the findings obtained 
using site-directed mutation of key residues (Section 1.3.4.8) in the past few years has 
offered new insight.
1.2.1 Regulation of rubisco catalysis
Rubisco catalyses events that are integral to the photosynthetic assimilation of carbon 
dioxide. The mechanisms that regulate carbon metabolism in photosynthesis are complex 
and incompletely understood (for a recent review see Geiger and Servaites, 1994). 
However, among those features which have emerged is that the flux of Calvin cycle 
carbon through the rubisco-catalysed reactions is regulated by direct controls on the 
activation state of rubisco.
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Carboxylation of a specific lysine reside (Lys2011 of the spinach enzyme) to form a 
carbamate and its subsequent stabilisation by the complexation of divalent metal ion 
(M g2+ in vivo) forms an essential feature of the rubisco active site. Uncarbamylated 
rubisco does not catalyse carboxylation or oxygenation of RuBP (Lorimer et a i ,  1976). 
The carbamylating CO2 is distinct from the substrate CO2 and is not incorporated into 
reaction products. A mechanism for the activation of rubisco is shown below (Figure 
1.3).
C 02 H+
E-Lys201-NH2
C02 '
Mg2+
V / ° ,
E-Lys201-NHC^- < E-Lys201-NHC^- ,:Mg2+
H+
o  Y
M g 2+
O
Figure 1.3 A scheme for the activation of rubisco.
It has been shown that the activation state of rubisco can be either enhanced or reduced 
through the influences of various phosphoesters. Those compounds which preferentially 
stabilise the carbamylated (active) state are designated as positive effectors of rubisco 
activation. Negative effectors are compounds which favour the uncarbamylated (inactive) 
state (Badger and Lorimer, 1981; Jordan et al., 1981; Jordan and Chollet, 1983)
In some plants, 2-carboxy arabinitol 1-phosphate (CA1P) is synthesised in the dark and 
binds preferentially to activated rubisco in the stroma (Berry et al, 1987; Portis, 1992) to 
inhibit its activity. However, in all plants (including those that appear to synthesise 
CA1P) the regulation of rubisco activity is also thought to be achieved by its substrate, 
RuBP. RuBP forms a strong complex (Km approximately 20 nM) with uncarbamylated 
rubisco active sites (Jordan and Chollet, 1983; Laing and Christeller, 1976), rendering 
these sites inactive.
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In higher plants, the binding of CA1P and RuBP to the carbamylated and uncarbamylated 
forms of rubisco, respectively, is mediated in vivo by rubisco activase (reviewed by 
Portis, 1992; Salvucci and Ogren, 1996). While the mechanisms of its activity and 
regulation (through variations in light intensity and by other environmental factors) are not 
fully understood, activase is thought to induce conformational changes to rubisco which 
release the inhibiting ligand from the active site (see Andrews et al., 1995). It is apparent 
that activase is able to influence the equilibrium between the carbamylated and 
uncarbam ylated forms of rubisco by controlling the interactions of different 
phosphorylated effectors of carbamylation (negative and positive) with the rubisco active 
site.
1.2.2 Reaction Mechanisms
Rubisco catalysis is viewed as an ordered sequence of substrate interactions with the 
initial event being the binding of RuBP to the active site (reviewed by Andrews and 
Lorimer, 1987; Schloss, 1990; Hartman and Harpel, 1993,1994). In addition to the 
carboxylation of RuBP (shown as A in Figure 1.4), the enzyme has been shown to 
catalyse the formation of a number of alternative reaction products, all of which are 
preceded by removal of the C3 proton of active site bound RuBP and formation of the 
RuBP enediol(ate) (B). Figure 1.4 provides an outline of rubisco catalysis.
1.2.2.1 The carboxylase reaction sequence
Enediol formation is an enzyme-catalysed process although the identity of the base 
responsible is unresolved (Section 1.3.4.5). Direct evidence for the existence of this 
species has been provided by rapid-quench experiments (Jaworowski et a l , 1984; 
Jaworowski and Rose, 1985). Tautomerisation to form a carbanion (and hence 
nucleophilicity) at C2 has been suggested to be partially rate-limiting for carboxylation
(Butcher et al., 1990; Schloss, 1990) and enzyme-catalysed (Hartman and Lee, 1989), 
rather than a result of resonance stabilisation.
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Electrophilic addition of gaseous CO2 at C2 forms 3-keto-2-carboxyarabinitol-l,5- 
bisphosphate (3-keto-2CABP; C) which is then hydrated to produce the gem-diol form 
(D). Schloss and Lorimer (1982) were able to trap the keto intermediate with 
borohydride, but only after acid denaturation of the enzyme released the intermediate into 
solution.
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Figure 1.4 Reactions catalysed by rubisco (adapted from Morell et al., 1992).
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The gem-diol form is not reducible by borohydride (Lorimer et al., 1986) which 
explained why the carboxylated intermediate could not be trapped on the enzyme as the 
hydrate. This further suggested that the carboxylated intermediate exists either 
predominantly or solely as the gem-diol in the rubisco active site. The keto form is stable 
enough to be isolated in solution (Pierce et a l, 1986; Lorimer et al., 1986). Investigation 
of its properties as a substrate for rubisco established that decarboxylation of enzyme- 
bound 3-keto-2CABP does not occur. This established that once formed, the 
carboxylated intermediate is committed to product formation. However, there are 
conflicting interpretations of the actual existence of the keto form of the carboxylate in the 
active site. Schloss (1990) viewed carboxylation and hydration as being discreet catalytic 
events. The amount of six-carbon intermediate determined using chemical quench 
methods and an observed deuterium isotope effect have been interpreted in terms of a 
mechanism requiring the existence of 3-keto-CABP, which would be irreversibly 
hydrated to its gem -diol form (Van Dyke and Schloss, 1986; Schloss, 1990). An 
alternative interpretation is that carboxylation and hydration of the endiol(ate)/carbanion 
are concerted events (Cleland, 1990), meaning that the keto form of the carboxylated 
intermediate never occurs in the rubisco active site (an explanation proposed by Cleland to 
explain the poor efficiency of rubisco catalysed conversion of isolated 3-keto-2CABP 
intermediate (Pierce et al., 1986a) to products).
Deprotonation of a C3 hydroxyl of the gem-diol leads to C2-C3 scission of the enzyme- 
bound intermediate. The carbon-carbon cleavage produces 3-phosphoglycerate (PGA) 
(E) and a C2 acz-carbanion (F) of PGA. The aci-carbanion, whose existence was 
established by an observed solvent isotope effect (Saver and Knowles, 1982) is 
protonated to form a second molecule of PGA (G), and product release completes the 
catalytic cycle for the carboxylation of RuBP.
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1.2.2.2. RuBP oxygenation (oxidative cleavage)
The existence of the rubisco-catalysed oxygenation was originally confirmed by Bowes et 
a l (1971) and the accepted mechanism for RuBP oxygenation (Figure 1.3) is essentially 
the one proposed by Lorimer et a l (1973). The reaction is ordered with the initial steps 
being identical to carboxylation. The reactions following enediol formation, outlined 
here, are primarily based upon evidence (from 180  labelling) that only one oxygen from 
molecular O2 is incorporated into product, as the carboxyl group of 2-phosphoglycolate 
(Pglycolate), with the other oxygen being lost to the reaction medium (Lorimer et a l , 
1973). Oxygen addition to the endiol/carbanion derived from RuBP produces a 
hydroperoxide intermediate. Hydrolysis followed by cleavage at C2-C3 generates one 
mole equivalent each of PGA (H) and Pglycolate (I). Formation of a caged superoxide­
carbanion radical anion pair was later included to accommodate a requirement for a spin 
inversion step (Lorimer, 1981) (Section 1.2.3.1). This was based upon analogy to a 
similar mechanism invoked to account for oxygenation of reduced flavins. Results 
consistent with the formation of an hydroperoxy intermediate were obtained using EPR 
spectroscopy of Cu^+-activated rubisco (Branden et al., 1984; Styring and Branden, 
1985). More recently, the detection and subsequent characterisation of mutant rubisco 
side-reaction products formed from a hydroperoxide reaction intermediate (Chen and 
Hartman, 1995; Harpel et a l, 1995; Section 1.3.4.9) has provided further experimental 
evidence for the proposed mechanism.
1.2.3 Some general considerations of oxygenase catalysis and oxygen 
reactivity
1.2.3.1 Reactivity of molecular oxygen
In general, reactions of molecular oxygen (dioxygen) with organic compounds that 
involve cleavage of the oxygen-oxygen bond are considerably exothermic. However,
3 0009  03163096  0
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ground state dioxygen has distinctive properties that impose a significant barrier to its 
reduction at physiological temperatures.
In its ground state, dioxygen exists as a triplet, diradical species. It has two unpaired 
electrons that occupy anti-bonding 71-orbitals, conferring paramagnetic properties.
The stable products of triplet dioxygen reduction (H2O2 and H2O) and the organic 
reactants and products of oxygenase reactions are almost without exception singlet 
(diamagnetic) molecules. That is, the electrons can be thought of as occupying molecular 
orbitals in pairs with opposing spins. In order for angular momentum to be conserved, 
the direct reaction of a triplet molecule with a singlet to form singlet products is generally 
considered to be a spin-forbidden process. The coupling of electron spins with the 
environment is weak and, therefore, exchange of spin angular momentum with the 
environment does not occur readily.
The time required for spin inversion to take place varies from 10"9 to 1 second, 
depending on the environment. Relatively, this is considerably longer than the time 
period in which the reactants have sufficient energy to undergo a reaction (approximately 
the time for one vibration or 10"13 second) (Hamilton, 1974).
It is possible for the unpaired electrons of ground state dioxygen to pair with an electron 
from a singlet reactant to form a triplet complex. If the initially formed spin-allowed 
triplet was of sufficiently low energy (stable for 1 to 10"9 second), conversion via 
intersystem crossing to singlet products would be possible. However, stable triplet states 
in biological systems have been considered as rarely occurring (Hamilton, 1974; 
Ingraham and Meyer, 1984).
Another property contributing to the barrier to dioxygen reduction is the -0.33 V (at 1 atm 
O2) of energy that is required to drive the addition of one electron to triplet dioxygen.
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This thermodynamic limitation exists because the lowest orbital available to accept an 
electron is a partially occupied anti-bonding orbital. This means that the one-electron 
transfer has to proceed against the energy of an anti-bonding orbital and forces of electron 
repulsion. However, the kinetics for the one-electron transfer to triplet dioxygen 
(producing superoxide anion) are not limiting and, provided a strong enough reducing 
agent is present, the reaction should be able to proceed (Sawyer, 1991).
Generally, carbanions are thought to be sufficiently reactive to undergo electron transfer 
reactions with dioxygen (Howard, 1973).
R:“ + 3C>2 ----- ► ROO:~ Equation 1.1
However, this process involves intermediate radical species (Russell et a l, 1962) and 
must still be a multi-step one, since the reaction is spin-forbidden. A change in spin state 
possibly occurs through the formation of a carbanion-dioxygen complex.
R:" + -O-O-  — ► R*TT02" — ► R’T i0 2 T — ► ROO:" Equation 1.2
Whether or not the reaction can proceed is dependent upon the existence of a low energy 
triplet state for the carbanion-dioxygen complex. The triplet state of the molecular 
complex would be close in energy to the singlet state which collapses to form the singlet 
product.
A mechanism along these lines has been proposed for the reaction of triplet dioxygen with 
the anion of reduced flavins, for both free flavins and the monooxygenase class of 
reduced flavoproteins (Kemal et al., 1977; see also Massey, 1994). A direct one-step 
reaction of triplet oxygen and singlet dihydroflavin to produce a covalent compound is 
spin-forbidden. The multi-step reaction scheme of Kemal et al. (1977) involves a 4a- 
hydroperoxide intermediate and spin inversion associated with formation of a 1,5- 
dihydroflavin - oxygen complex.
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FlH- + 0 2 —► F1H- t t  0 2; —► FlH-ti 0 2--
—► F1H - OOH —► Flox + H2O2 Equation 1.3
They showed that the existence of the [F1H* 02“*] intermediate formed by the one- 
electron transfer reaction is energetically feasible. Their suggested reaction coordinate 
involves [F1H- 02"-] radical pair formation as the rate-determining step, followed by 
collapse to the 4a-hydroperoxyflavin at a rate that exceeds dissociation of the radical 
pair.
1.2.3.2 Rubisco catalysed activation of triplet dioxygen
Lorimer (1981) proposed that the carbanion in the rubisco carboxylase reaction sequence 
is able to participate in an electron transfer reaction with ground state dioxygen. The 
mechanism is also dependent upon a spin inversion event. Electron transfer from the 
enediol to triplet dioxygen possibly initiates the reaction (Andrews and Lorimer, 1987). 
The radical pair (in this instance a radical cation at C2 and superoxide radical anion) could 
be stabilised by a cage effect of the rubisco active site long enough for spin inversion 
(which would occur through intersystem crossing; a relatively slow, radiationless 
electronic transition) to generate a singlet species. An understanding of the process of 
activation of dioxygen towards reaction with the RuBP enediol(ate) could provide further 
insight into variations in partitioning between the carboxylase and oxygenase reactions 
(Section 1.2.4).
The general definition of a cage effect as applied to reactions between carbanions and 
dioxygen is where interactions between solvent molecules in the condensed phase limit 
the extent to which reactive species can escape each other (Reid, 1957). However, the 
term is also applied to situations where the solvent cage either effectively inhibits or (in 
some situations) provides no barrier to the formation of an excited state (Khan et al.,
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1981). In this treatment the definition of the cage has been extended to include solvent 
molecules, lipid membranes, crystal structures, surface adsorption and enzyme active 
sites. Taking this last point a step further, perhaps leads to the speculation of an enzyme 
active site evolving to reduce the occurrence of an unwanted reaction path by providing a 
barrier to the formation of a critical excited state in the "undesirable" reaction sequence.
A controlling influence of the enzyme active site on rubisco reaction intermediate 
conformation could possibly be of importance in determining the reactivity of the enediol 
towards ground state dioxygen. Such considerations have been applied to the 
dihydroflavin oxygenation. These are based upon variations in stability and reactivity of 
the dihydropyrazine moiety of possible intermediates that arise from particular 
orientations and interactions of molecular orbitals (Bruice and Yano, 1975; Kemal et al., 
1977; see also Hoffmann, 1971; Streitwieser, 1962 page 275; Nelsen, 1968). Although 
the occurrence of different resonance states for the dihydropyrazine ring structure 
provides for a relatively unique situation, the concept of variation in the orientation of 
molecular orbitals in space to influence the reactivity of an enzyme-complexed 
intermediate possibly has significant implications for rubisco catalysis.
1.2.3.3 A mechanism for RuBP oxygenation involving a spin conversion 
step
Andres et al., 1993 (see also Andres et al., 1992; Tapia and Andres, 1992; Tapia et al., 
1994) from theoretical studies of potential energy surfaces for various orientations of 1,2- 
dihydroxyethylene in its ground singlet and first excited triplet states (as a simple 
analogue of the enediol of RuBP) have developed a model in which rubisco oxygenase 
reactivity is dependent upon the conformation adopted by the enediol intermediate.
In the mechanism of Andres et al. (1993) an interaction between ground state dioxygen 
and the singlet enediol forms a supermolecular species (Figure 1.5). This species exists
16
as a ground state triplet, where the dioxygen orbitals are responsible for the triplet state. 
Thermal excitation and intersystem crossing then generates an excited triplet 
supermolecule for which the spin multiplicity is supported by enediol (C2-C3) Jt-orbitals 
and dioxygen. Since four electrons are involved in the process; singlet, triplet and 
quintuplet spin states can result. Therefore, intersystem crossing from the triplet state 
could account for the formation of a reactive singlet state of the supermolecule. Within 
this singlet complex, dioxygen would form a singlet peroxide that reacts with an 
intermediate derived from the deformed enediol.
The basis of their mechanism is that the first excited triplet state of the enediol can be 
thermally accessed from the ground singlet state at room temperature when the enediol 
adopts a particular conformation. In certain stereo-orientations, an energy gap of 10 
K cal.m oH  or less exists between the singlet and triplet states for the model enediol. 
Applying their findings to the rubisco reaction mechanism, they suggested that the singlet 
enediol (at C2-C3) would be close in energy to the triplet state when held in a 
pyramidalized, out-of-plane conformation (at C2). This arrangement is consistent with 
X-ray crystallographic data that suggest a non-planar cis conformation for an analogue of 
a carboxylase reaction intermediate, CABP.
intersystem crossing
3[02--- RuBP] -------- >  ![0 2  --- RuBP]
thermal activation 
intersystem crossing
+  1[-0- 0- d io l ]
302  + RuBP-------► 302.......  lRuBP products
Figure 1.5 A scheme for the rubisco oxygenase reaction which includes a mechanism for activation 
towards a reaction between the RuBP enediol(ate) and ground state dioxygen (adapted from Andres et al., 
1993).
1.2.3.4 Oxygenations catalysed by other carbanion-forming enzymes
Ingraham and Meyer (1984) comment upon the rarity of reactions of dioxygen with 
carbanions in biological systems, in the light of it being one of the few ways of
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surmounting the barrier to oxygen reactivity. However, more recently further examples 
of oxygenase reactions involving carbanion-forming enzymes (in the absence of transition 
metal ion or co-factor activation) have been found to occur (Abell and Schloss, 1991; Tse 
and Schloss, 1994). Not all the enzymes included in these studies catalysed oxygenation 
and no common features appear to explain either the presence or absence of oxygenase 
activity. Significantly, the oxygen reduction catalysed by these enzymes are not 
physiological reactions which is consistent with the suggestion that these oxygenase 
activities are inevitable in the presence of dioxygen. That is, the reactions may occur 
simply as a consequence of the reactivity of a carbanion intermediate and favourable 
conditions in the active site (Andrews and Lorimer, 1973, 1987; Tse and Schloss, 1994). 
Those enzymes which do catalyse oxygenation possibly have active sites that stabilise 
some form of dioxygen-organic substrate complex long enough for intersystem crossing 
to generate a reactive singlet complex. In the context of the mechanism proposed by 
Tapia and co-workers, it would seem that two alternative scenarios can be envisaged to 
account for an oxygenase reaction reliant upon conformational manipulation of substrate 
singlet-triplet energies. Either these enzymes initially evolved to catalyse oxygenation 
reactions, or the conformational arrangements necessary for the reactivity of the 
carbanionic intermediate in some other physiological reaction also results in a favourable 
singlet-triplet energy gap for reactions with dioxygen.
An additional relevant point relating to any reaction mechanism involving ground state 
dioxygen, is that the envisaged process of spin inversion (intersystem crossing) from a 
triplet to singlet state would be irreversible. This implies that, for a carbanion-forming 
enzyme able to activate ground state dioxygen but unable to stabilise an oxygenated 
transition state, it should still be possible to detect some form of reactive oxygen (eg. 
superoxide, hydrogen peroxide or singlet oxygen), providing it escapes from the active 
site.
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Presumably, in the instance of the rubisco-catalysed oxygenation, conditions would also 
have to favour stabilisation of the hydroperoxy species for an oxygenated product to be 
formed. Recent evidence of R.rubrum  rubisco K329A and E48Q mutants (see Section 
1.3.4.9) failing to stabilise an hydroperoxy intermediate (Harpel et al., 1995; Chen and 
Hartman, 1995) suggests that the wild-type rubisco actively stabilises intermediates 
beyond an initially formed oxygenation transition state. The rationale put forth by Harpel 
et al. (1995) is that the formation of PGA and Pglycolate from an oxygenation would be 
more favourable than the alternatives resulting from a destabilised hydroperoxy 
intermediate. PGA is a carbon reduction cycle metabolite and a significant fraction of the 
Pglycolate carbon (3/4) can be recycled through photorespiration.
1.2.3.5 Singlet oxygen and oxygenase reactions
Singlet oxygen is the first excited state of molecular dioxygen, both valence electrons are 
paired in the same orbital with opposite spins. It has an electrophilic nature, with a 
reactivity exceeding that of ground-state dioxygen.
Singlet oxygen is reactive towards conjugated polymers and polynuclear aromatics 
(Foote, 1979; see also Foote, 1985). This reactivity has led researchers to focus on the 
potential for detrimental effects in biological systems. However, the chemistry of singlet 
oxygen appears to be highly selective. This is primarily due to its short lifetime (1.4 ps 
in water), its paired valence shell and strong 0 - 0  bond. These features make it unreactive 
towards most organic functional groups, including saturated o  bonds, simple olefins and 
carbonyls (Sawyer, 1991).
Singlet oxygen is not generally considered as a candidate for the reactive species in 
oxygenase reactions (Hamilton, 1974). It seems unlikely that an enzyme could generate 
sufficient energy to produce the singlet state (the singlet state is 22 Kcal/mol higher than 
ground-state). For the rubisco oxygenase reaction, conversion of triplet dioxygen to its
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singlet form and a subsequent reaction with the enediol, would theoretically require about 
53 Kcal/mol of energy (Andres et al, 1992).
Singlet oxygen is a potential product of the decomposition of hydroperoxy species. 
Adam (1982) demonstrated singlet oxygen formation from reversible autoxidation of 
enolates derived from carboxylic acids. Singlet oxygen formation via decomposition of 
the rubisco oxygenase hydroperoxy species has also been proposed. Mogel and 
McFadden (1990) proposed that singlet oxygen was the source of the luminescence they 
observed with the Mn2+-activated form of rubisco.
1.2.4 Relative carboxylase/oxygenase specificity
For rubiscos from different species and for mutant enzymes, the degree of partitioning 
between the alternative carboxylase and oxygenase pathways is routinely expressed in 
terms of a relative specificity factor, Srei (Laing et al., 1974) shown in Equation 1.4.
—■— = Srei *15^2] where Srei = Equation 1.4
v° [02] V q/Kq 4
This relationship, dependent upon CO2 and O2 being mutually linear competitive 
inhibitors, allows partitioning to be expressed in terms of a simple ratio of kinetic 
properties for the two reactions. Srei values for different rubiscos vary widely (Jordan 
and Ogren, 1981), ranging from 10 for R.rubrum rubisco up to the value of 107 reported 
for the marine diatom Cylindrotheca sp. N1 (Read and Tabita, 1992). Higher plant 
rubiscos typically have Srei values of around 80. Table 1.1 gives an idea of the range of 
Srei values for different species.
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Table 1.1 Kinetic characteristics of rubiscos from different species. (Adapted from Gutteridge, 1990).
Species Form Srei Vc/Kc 
(M'V1 x 104)
C3 plants LgSg 80-100 15-20
C4 plants L8S8 70-90 14-18
green algae L8S8 60-70 -
marine diatom L8S8 107 -
photosynthetic L8̂ 8 50-60 6-8
bacteria l 2 10-20 6-8
An overview of kinetic parameters for naturally occurring rubiscos reveals that, in 
general, the most efficient carboxylases are also able to discriminate more effectively 
between CO2 and O2 (in favour of carboxylation) (Morell et al., 1992). That is, a trend 
of increasing carboxylation specificity, kcatc/K c 2 *with respect to increasing relative
specificity, Srei, can be seen. This implies that a trade-off in carboxylase efficiency is not 
necessary for a lower oxygenase activity.
Variations in relative specificity have also been induced by replacement of the divalent 
magnesium ion with other cations (Christeller, 1981; Jordan and Ogren, 1983) and by 
mutagenesis. However, although specific features of the active site which influence 
partitioning have been identified (Section 1.3.4.8), an understanding of these variations at 
the molecular level is yet to be reached.
In the context of the ordered kinetic mechanism for carboxylation and oxygenation 
described above, and assuming a forward commitment of the carboxylated and 
oxygenated intermediates to products, Pierce et al. (1986) simplified the expression for 
Srei to a ratio of second order rate constants describing the rate of addition of each of the
2 kcatc and Kc, respectively, refer to the apparent rate constant and the apparent Michaelis constant for
carboxylation.
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gaseous substrates to the 2,3-enediol(ate). This is consistent with the observed variations 
in Srei for different rubiscos being a result of differential enhancement of the reactivities 
of CO2 and O2 towards the 2,3-enediol intermediate (Pierce et al., 1986; Andrews and 
Lorimer, 1987). The simplified relationship further allows Srei to be expressed in terms 
of the free energy of the transition states for the carboxylation and oxygenation of the 2,3- 
enediol reaction intermediate (Equation 1.5; Chen and Sprietzer, 1991; Lorimer et al., 
1993).
RT In (Srel) -  (G^ - Gc*) - (Gq2 - Gco2) = AG0_C Equation 1.5
where R is the gas constant; T the reaction temperature; G0* and Gc-t- the free energies of 
the transition states for the oxygenation and the carboxylation partial reactions; Go2 and 
Gco2 the free energies of O2 and CO2. AG0-c> therefore, is the difference between the 
activation energies of the competing reactions.
Using this relationship Lorimer et al. (1993) calculated that for spinach rubisco (Srei = 
80) and R.rubrum  rubisco (Srei = 10) the difference in relative specificity is related to a 
change in AG0-c of only 1.2 Kcal/mol.
This interpretation is dependent upon the free energy of the form of enediol(ate) that 
reacts with CO2 being the same as the free energy of the form which reacts with O2 
(Lorimer et al., 1993). This assumption is not necessarily valid (Lorimer et al., 1993), 
particularly in the light of the fact that the chemistry of the reaction of triplet O2 with the 
singlet enediol(ate) cannot be clearly defined. Nevertheless, the analysis succinctly 
illustrates the point that small variations in the free energy differences between the 
competing transition states could significantly influence partitioning between the 
alternative reactions.
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The theoretical analyses of rubisco catalysis performed by Tapia and co-workers (Andres 
et al., 1992, 1993; Tapia and Andres, 1992; Tapia et al., 1994; Section 1.2.3.3) have 
provided a mechanistic view based upon geometric considerations. This work has 
prompted speculation that activation of dioxygen results from its interaction with an 
enediol with a conformation which is altered (compared to the in vacuo form). Tapia et 
al. (1994) hypothesise that the conformation of the transition states for the carboxylated 
and oxygenated intermediates are inherited from that required for a keto-enol 
transformation to generate the reactive RuBP endiol(ate) and that once this arrangement is 
produced both carboxylation and oxygenation are inevitable.
Perhaps manipulation of the enediol conformation in the rubisco active site is an effective 
means for inhibiting dioxygen activation? If oxygenation is made possible by a low 
singlet-triplet energy gap for the enediol (Section 1.2.3.3), then alteration of the RuBP 
conformation at C2 could be expected to increase this singlet-energy gap and, presumably 
reduce the extent of dioxygen activation. However, the new conformation would be sub­
optimal for the keto-enol transformation, suggesting an increased rate limitation for the 
enolization step as a compromise for reduced oxygenation.
1.2.5 Alternative rubisco-catalysed reaction paths
When higher plant rubiscos are assayed in vitro, a progressive decline in activity is 
observed. This behaviour, referred to as "failover" (Edmondson et al., 1990a), has been 
shown to be related to the accumulation at the active site of compounds generated by side- 
reactions involving misprotonation of the 2,3-enediol(ate) (Edmondson et al., 1990a; Zhu 
and Jensen, 1991a, b) (Figure 1.4).
Once formed, the 2,3-enediol(ate) of RuBP is susceptible to reprotonation at C3. Since 
the conformation at C3 is planar, the reaction has the potential to produce one of two 
epimers (Andrews and Lorimer, 1987). Either RuBP will be regenerated by protonation
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at the Re face, or xyulose-l,5-bisphosphate (XuBP) (shown as J in Figure 1.4) is formed 
by protonation at the Si face. This misprotonation reaction occurs approximately once per 
400 turnovers for spinach rubisco (Edmondson et al., 1990a). XuBP formation inhibits 
further catalysis since it is processed by rubisco only at very low rates. An estimate for 
XuBP carboxylation catalysed by the spinach enzyme is only 0.03% of the rate of RuBP 
carboxylation (Yokota, 1991). The L2 rubisco from R .ru b ru m  and the L^Ss 
Synechococcus enzyme, which do not failover to a significant extent have been shown to 
carboxylate XuBP at 0.2% (Lee et a l , 1993) and < 0.1%, respectively, (Newman and 
Gutteridge, 1994) of the rate for RuBP carboxylation.
A second reaction product, a 3-keto-arabinitol-l,5-bisphosphate (K in Figure 1.4), 
formed as a result of protonation at C2 (rather than carboxylation or oxygenation) also 
contributes to the in vitro failover of carboxylase activity (Edmondson, Kane and 
Andrews, 1990a; Zhu and Jensen, 1991b).
Removal of these inhibitors from the rubisco active site in vivo is another of the 
postulated functions of rubsico activase (Portis, 1992; Section 1.2.1).
Yet another side-reaction, |3-elimination of phosphate from the a c i-acid of 
phosphoglycerate was shown by Andrews and Kane (1991) to be the source of pyruvate 
formed in rubisco reaction mixtures. The reaction, which occurs about once per 125 
turnovers, appears to be analogous to a similar process involving the enediol intermediate 
of the triosephosphate isomerase reaction.
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1.3 THE KNOWN STRUCTURE OF RUBISCO WITH  
CONSIDERATION OF THE FUNCTIONS OF SPECIFIC FEATURES
1.3.1 Holoenzyme forms
Rubisco occurs in two holoenzyme forms (see Andrews & Lorimer, 1987 for a review). 
These structures are shown as space-filling models in Figures 1.6A and 1.6B. The most 
common form is a hexadecamer comprised of eight large sub-units (50-55 KDa) and eight 
small-subunits (12-18 KDa) (LsSs) found in higher plants, algae and photosynthetic 
bacteria. The other form, a homodimer of large sub-units (L2) without small subunits, 
can be found in the purple, non-sulphur photosynthetic bacterium, Rho do spirillum  
rubrum (actually a photoheterotroph since it does not produce bacteriochlorophylls in the 
presence of oxygen). Another photosynthetic bacterium, Rhodobacter sphaeroides 
produces both the L2 and LsSs forms. The hexadecamer appears to be synthesised only 
when CO2 becomes limiting in late logarithmic and stationary growth phases. Under 
different in vitro conditions the L2 dimer of this species has been shown to form 
aggregates as large as Lg.
Recently, it was discovered that peridin-containing dinoflagellates have an L2 form of 
rubisco. Whitney and Yellowlees (1995) isolated and characterised the inactive L2 form 
rubisco from a Symbiodinium  species which is a symbiont of the giant clam, Tridacna 
gigas and a free-living species, Amphidinium carterae. The free-living dinoflagellate 
Gonyaulax polyedra  also has an I^-form  rubisco (Morse et al., 1995). Rowen et al. 
(1996) showed that the rubisco from Symbiodinium was about 65 % homologous to the 
enzyme from R .rubrum . These findings represent the only known examples of 
eukaryotic L2 rubiscos and reveal a previously unrecognised branch in the evolution of 
rubisco (Rowen et al., 1996).
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1.3.2 Amino acid sequence homology
An amino acid sequence homology of about 90 % for the large subunit indicates that the 
hgSg enzymes from a range of higher plant species are closely related. If cyanobacterial 
large subunits are included in the comparison the homology is still 80 % (Andrews and 
Lorimer, 1987; Newman and Gutteridge, 1993). However, comparing the R.rubrum  
rubisco sequence to the large subunits from L sSs enzymes reveals only around 25% 
homology between the two different forms. Nevertheless, the three dimensional protein 
structures are very similar and the active site residues of L2 and LsSs enzymes are 
identical.
The small subunits from higher plants are around 30 % homologous to the 
Synechococcus rubisco sequence (Paul et al., 1993). There is significant variation in a 
region forming a loop between two (3 strands in the core of the small subunit (Knight et 
a l, 1990), which is essentially due to a section of this loop being truncated (compared to 
the higher plant enzymes) in the small subunits of rubisco from cyanobacteria, brown 
algae and red algae (residues 52 to 63 are absent in cyanobacteria). However, a region of 
this loop is also highly conserved (residues 61 to 76) for all species.
1.3.3 Three-dimensional structure;
Resolution of the three dimensional structures for spinach, tobacco and Synechococcus 
(LsSg) and R.rubrum (L2) rubiscos in both the activated and non-active states complexed 
with various ligands (Table 1.2) has revealed structural features common to all enzymes.
26
Figure 1.6A Ribbon diagram representing the L2 dimer of rubisco from R.rubrum. 
Each subunit is shown in a different colour. The N-terminal and C-terminal domains of 
opposing subunits interact to form the holoenzyme. (Image obtained from the 
Brookhaven Protein Data Bank, Brookhaven National Laboratory, PDB ID code: 9RUB, 
and reproduced using Rasmol2.5)
27
Figure 1.6B Ribbon diagram representing the holoenzyme structure of the LgSg rubisco from 
Synechococcus. The enzyme consists of a tetramer of L2 dimers (blue) and eight small subunits 
(purple). (I) The top view shown here looks down the central solvent channel. Four small subunits 
can be seen at the interstices between the L2 dimers, the remaining four small subunits (hidden from 
view) are similarly arranged at the bottom of the molecule. (II) The side view shows two L2 dimers 
and the small subunits arranged at either end of the structure. (Image obtained from the Brookhaven 
Protein Data Bank, Brookhaven National Laboratory, PDB ID code: 1RBL, and reproduced using 
Rasmol2.5)
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Table 1.2 Available three-dimensional structures o f rubisco (Adapted from Hartman and Harpel, 1994).
Species Form Resolution Reference
R. rubrum Inactive (ligand free) 1.7 À (Schneider et al., 1990)
R. rubrum Inactive (PG A  bound) 2.9 Â (Lundqvist and Schneider, 1988)
R. rubrum Inactive (C A B P bound) 2.6 À (Lundqvist and Schneider, 1989)
R. rubrum Activated ( C 0 2, and M g2+ bound) 2.3 Â (Lundqvist and Schneider, 1991a)
R. rubrum Activated (C 0 2, M g2+ and RuBP bound) 2.6 À (Lundqvist and Schneider, 1991b)
Spinach Activated (C 0 2, M g2+ and C A BP bound) 2.4 Â (Knight et al., 1990)
Tobacco Inactive (ligand free) 2.0 Â (Curmi et al., 1992)
Tobacco Activated (C 0 2, M g2+ and C A BP bound) 2.0 Â (Schreuder et al., 1993b)
Synechococcus Activated (C 0 2 M g2+ and C A B P bound) 2.2 À (Newman and Gutteridge, 1993)
Synechococcus Inactive (X uB P  bound) 2.3 Â (Newman and Gutteridge, 1994)
The large subunit is generally described as consisting of two distinct domains. An N- 
terminal domain of about 150 residues has a five-stranded |3 sheet as a major secondary 
structural feature while the larger C-terminal domain has an eight-stranded a /p  barrel as 
its major structural element.
The L2 dimer (the simplest functional form of rubisco) is a head-to-tail arrangement of the 
two large subunits. The N-terminal domain of one subunit interacts with loops 1, 2 and 3 
of the a/(3 barrel of the other. Also there are extensive interactions between residues of 
the two a /p  barrels. The active site is made up of residues in the a /p  barrel of one 
subunit and the N-terminal domain of the adjacent subunit, thus each L2 dimer contains 
two active sites.
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The Lg core of the hexadecameric enzyme is a tetramer of L2 dimers arranged with four­
fold axial symmetry giving eight active sites per holoenzyme. A solvent channel extends 
along the four-fold axis of symmetry through the centre of the molecule. The small 
subunits are situated as tetramers at each end of the large subunit core. While there are 
extensive interactions of small subunit residues with both large and small subunits none 
occur directly with the active site. A feature of small subunit positioning is the extension 
of a prominent loop into a crevice between the tips of adjacent L2 dimers and into the 
solvent channel. The shorter length of this motif in the cyanobacterial enzyme produces a 
wider solvent channel compared to that seen in the crystal structure of the spinach 
enzyme.
The small subunits significantly enhance LsSs rubisco catalysis. For example, in the 
absence of small subunits, the Ls core of Synechococcus rubisco retains approximately 
1% of the LsSs activity (Andrews, 1988). However, their remoteness from the rubisco 
active sites suggests an indirect role in catalysis, possibly stabilising the quaternary 
structure and influencing the conformation of the active site. The changes in positioning 
observed for the small subunit in the activated and non-activated forms of rubisco (Curmi 
et al., 1992) and conformational variations between the active sites of L2 and LsSs 
enzymes (Schneider et al., 1990) support this view. Further evidence for these functional 
roles has been provided by the catalytic changes effected through site-directed mutation of 
small sub-unit residues (Fitchen et al., 1990; Paul et al., 1991; Lee et a l , 1991; Paul et 
al., 1993; Read and Tabita, 1992).
1.3.4 Structure function correlations within the active site
1.3.4.1 The active site
A reasonably detailed understanding of the rubisco active site has been provided by the 
resolution of X-ray crystal structures (Table 1.2) and information generated using
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techniques such as chemical modification, affinity labelling and mutagenesis to probe the 
location and function of specific active site residues (see Hartman and Harpel, 1993, 
1994 for comprehensive reviews).
Of the different rubisco crystal structures, those of the activated spinach and 
Synechococcus enzymes complexed with 2-carboxy arabinitol-l,5-bisphosphate (CABP) 
have probably been the most mechanistically useful. Providing a mimic for the 
catalytically active enzyme with the carboxylated reaction intermediate in the active site, 
these structures are considered to provide the closest representations of a condition which 
would occur in the rubisco active site during catalysis.
1.3.4.2 The divalent metal ion binding site
Magnesium is the functional bound metal in vivo and is a prominent feature of the rubisco 
active site. The activator carbamate bound to the Lys201 residue positioned towards the 
bottom of the a /p  barrel provides one ligand for the divalent magnesium ion. Other 
protein ligands to the metal ion are the carboxylate groups of Asp203 and Glu204 
(Newman and Gutteridge, 1993; Knight et al., 1990). The six-fold coordination site is 
completed by interactions of oxygen atoms of the CABP molecule (Section 1.3.4.4). 
Newman and Gutteridge (1993) described a binding site that imparts little distortion to the 
octahedral symmetry which does not agree with the distorted octahedral symmetry 
proposed for the coordination sphere of Mg2+ in the spinach activated enzyme-CABP 
complex (Knight et al., 1990). The latter interpretation accords with EPR spectroscopic 
data (Branden et al., 1984; Styring and Branden, 1985). Further insight into this feature 
of the active site may have implications with regard to the influence of the metal ion on 
catalysis.
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1.3.4.3 A role for the divalent metal ion
For in vitro studies, rubisco is generally activated at pH 8.0 in the presence of Mg2+ or 
M n2+ and CO2. However, other studies, reviewed by Andrews and Lorimer (1987), 
have shown that Fe2+, Ni2+, Cu2+> Ca2+ and Co2+ are also able to activate rubisco 
catalysis. Co2+-activated R.rubrum  rubisco has been shown to sustain oxygenation, but 
not carboxylation. Other metal ions (Cd2+, Cr2+ and Ga2+) bind to rubisco without 
sustaining catalysis.
Clearly, the divalent metal stabilises the activator carbamate and contributes significantly 
to the structure of the active site, however the extent of its role in catalysis is not fully 
understood. The electron-withdrawing properties of Mg2+ could possibly contribute to 
enolization by polarising the C2 carbonyl of RuBP to favour C3 proton removal (Pierce et 
al., 1986). In the crystal structures of activated rubisco complexed with CABP (Knight 
et al., 1990; Newman and Gutteridge, 1993) and RuBP (Lundqvist and Schneider, 1991) 
oxygens bonded with C2, C3 and the C2 carboxylate of CABP provide non-protein 
ligands to Mg2+. This suggests that the metal ion potentially influences reactivity at 
critical stages of the catalytic sequence.
1.3.4.4 The CABP binding site
Figure 1.7 (adapted from Knight et al., 1990, and Newman and Gutteridge, 1993) shows
o
a schematic arrangement of residues that are situated within 4.0 A of the bound CABP 
molecule. All of the residues shown are located at the opening of the a/|3 barrel of one 
large subunit with the exception of Asnl23 and Glu60 which are located in the N-terminal 
domain of the other large subunit.
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Gly403
Figure 1.7 A schematic representation of the coordination of the transition state analogue, CABP to 
activated rubisco (LgSg). All residues shown are within 4.0 A of the bound inhibitor or the Mg2+ ion. The 
arrangement is adapted from similar diagrams for the CABP-complexed structures of the spinach (Andersson et 
al., 1989) and Synechococcus (Newman and Gutteridge, 1993) rubisco active sites.
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The reaction intermediate analogue is bound in an extended conformation. The C l 
phosphate oxygens appear to be held by dipole interactions between the main chain 
carbonyls of loop 7 and 8 glycine residues. C l phosphate oxygens are also within 3.0 A 
of residues in loops of the N-terminal domain of the other subunit that constitutes the 
dimer. Lysl75, shown as interacting with the C2 hydroxyl, is also only 3.3 A away 
from the C l phosphate bridging oxygen. Newman and Gutteridge (1993) also identified 
two C l phosphate contacts occurring through water. The C5 phosphate oxygens are 
shown as interacting with Arg295, His327 of loops 5 and 6 while other active site 
interactions of this phosphate appear to occur through indirect contacts with enzyme- 
bound water molecules.
The C2 carboxylate and hydroxyl oxygens and the C3 hydroxyl oxygens of CABP are 
shown coordinated to the divalent magnesium ion, in accordance with the findings of 
NMR and EPR spectroscopic studies (Miziorko and Sealy, 1984; Branden et al., 1984; 
Styring and Branden, 1986; Pierce and Reddy, 1986). The C2 carboxyl oxygens are 3.2 
A distant from Lysl77, and 2.8 A from Lys334. A snl23 on the other subunit 
(designated as subunit B) is 3.1 A from the Mg2+-coordinated C2 carboxyl oxygen. 
Glu60 is close enough (3.3 A) to form another inter-subunit interaction, with Lys334.
The trans conformation of the bound CABP molecule relative to the C2 and C3 hydroxyl 
groups shown by Andersson et al., (1989) was decided upon arbitrarily as they were 
unable to distinguish (at 2.4 A resolution) this arrangement from the cis conformation. 
However, the Synechococcus rubisco structure (Newman and Gutteridge 1993) revealed 
the cis conformation with the C3 hydroxyl coordinated to Mg2+.
Other contacts occur between the CABP molecule and residues located in six of the eight 
loops on the C-terminal side of the a/(3 barrel.
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1.3.4.5 The identity of the catalytic base involved in enolization
Formation of an RuBP-derived enediol(ate) is a preliminary step that renders the 5-carbon 
substrate reactive towards both CO2 and O2. A key enzyme-catalysed event in enediol 
formation is the removal of the proton at C3 of RuBP. However, the identity of the base 
involved has yet to be resolved. Of the several candidates considered over the past few 
years it seems that all but one, Lysl75, can be eliminated (see Hartman and Harpel, 
1993).
Several features of Lysl75 (outlined by Hartman and Harpel, 1993,1994) are in 
accordance with a role as the abstractor of the C3 proton of RuBP, which forms the 
reactive 2,3-enediol(ate). However, in the structures of activated spinach (Knight et al., 
1990) and Synechococcus (Newman and Gutteridge, 1993) rubiscos complexed with
o
CABP, the e-amino group of this base is too far away from C3 (a distance of 5.0 - 6.0 A) 
and in an unfavourable orientation to effect a proton removal. The possibility of Lysl75 
being directly involved in the enolization would seem to be dependent upon it changing 
position during the course of catalysis (Knight et a l , 1990; Hartman and Harpel, 1993). 
The CABP complexed structures are a mimic for the enzyme at some stage following 
carboxylation of the enediol and it has been speculated that Lysl75 may be closer to C3 
of the enediol than it is to C3 of CABP in the crystal structures. However, Newman and 
Gutteridge (1993) point out that, with the exception of flexible loops (Sections 1.3.4.6 
and 1.3.4.7), the active site does not alter its conformation significantly during catalysis 
and discount the likelihood of this being so. Lysl75 is situated in the |31 sheet of the a/|3 
barrel. These authors suggest that the behaviour of R.rubrum  rubiscos with point 
mutations at Lysl66 (corresponding to Lysl77 in Figure 1.7) mutants (Hartman et al., 
1987; Lorimer and Hartman, 1988) may be consistent with an indirect role in enolization, 
enhancing the polarisation of the carbonyl rather than directly removing the C3 proton. 
Newman and Gutteridge (1993) suggested the possibility of an unligated Lys201
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carbamate oxygen being the base that catalyses enolization, primarily because of its 
proximity to C2 and C3 of CABP, and put forth a seemingly feasible reaction 
mechanism. However, experimental proof either for or against a direct involvement of 
the carbamate has not eventuated to date.
1.3.4.6 Loop 6
Upon binding of CABP to the activated enzyme a segment of the C-terminal loop 6 
(Val331 to Ser341) appears to become positioned over the active site, effectively 
excluding the bound inhibitor from the bulk solution. The proposed flexibility of this 
structural motif was initially based upon the results of chemical cross-linking studies (Lee 
et a l , 1986) and later from it being well resolved in structures of activated enzyme 
complexed with CABP but unresolved in the inactivated crystal structures.
The movement of loop 6 seems to be necessary for optimal positioning of Lys334, a 
critical residue (Section 1.3.4.8) which is situated at the tip of loop 6 and approaches 
within 2.2 Â of the C2 carboxyl and 2.8 Â of the 1-phosphate of CABP (Figure 1.7). 
Lys334 is in close contact with Lysl75, Lysl77 and with Glu60 and Asnl23 on the other 
subunit of the dimer. Glu60 is thought to form an inter-subunit salt-bridge with Lysl77 
in the unactivated form of rubisco and, upon activation and complexation of CABP, with 
Lys334. This inter-subunit electrostatic interaction appears to be involved in the 
movement of loop 6.
Alteration of individual residues within and flanking loop 6 have indicated that the 
orientation of loop 6 influences partitioning between carboxylation and oxygenation 
(Chen e ta l ., 1991; Chen and Spreitzer, 1989; Chen and Spreitzer, 1991; Gutteridge et 
a l ,  1993; Day et a l ,  1993). Larson et a l  (1995) showed that a mutant R .rubrum  
rubisco with seven residues deleted from loop 6 was unable to catalyse carboxylation to a 
detectable extent (ie. the rate was below a detection limit of 0.001% of wild-type activity),
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whereas single amino acid replacements at Lys334 retain detectable carboxylase activity 
(Section 1.3.4.8). This loop 6 deletion mutant was still able to catalyse both enolization 
of RuBP and hydrolysis of 3-keto-CABP. In fact, the rates of enolization and processing 
of carboxylated intermediate to PGA of the loop 6 deletion mutant were similar to those 
with single amino acid substitutions at Lys334. Therefore, in addition to the individual 
contribution of optimal placement of Lys334, loop 6 appears to have a more general 
function. Larson et al. (1995) hypothesised that its location over the active site prevents 
the dissociation of reactive intermediates (that are formed after enolization of RuBP and 
before hydrolysis of the carboxylated intermediate) to alternative products.
1.3.4.7 Other flexible elements
Additional structural elements have been identified that appear to be associated with the 
movement of loop 6 into place over the CABP-occupied active site (Knight et al., 1990; 
Schreuder et al., 1993a,b; Newman and Gutteridge, 1993). The particularly close 
overlap of elements that comprise the active site observed when the structures of the 
spinach, Synechococcus and R.rubrum  rubiscos are superimposed has directed attention 
to residues located in the C-terminal tail and the N-terminal loops. The effects of 
mutations within these structural elements suggest the potential for a functional role in 
catalysis (Gutteridge et al., 1993).
Residues Phel27 and Lysl28 are located within a highly conserved loop in the N- 
terminal domain of the large subunit. Their proximity to Asnl23, which is within 3.1 A 
of a C2 carboxyl oxygen of CABP, situates these two residues and the N-terminal loop 
close to loop 6. In the Synechococcus structure of Newman and Gutteridge (1993), 
Lysl28 in the N-terminal loop is within 3.0 A of Phe467 in the C-terminal segment and 
close enough to form hydrogen bonds with main chain carbonyls of Val331 and Gly333 
in loop 6.
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The final 13 C-terminal residues fold over the top of both loop 6 and the N-terminal loop. 
In the C-terminus, Phe467 and Phe469 contribute to an arrangement of aromatic side 
residues (others are Phel27, Trp66 and Tyr20) on the surface of the protein (Newman 
and Gutteridge, 1993). The side-chains of these residues appear to be indented towards 
loop 6, in position over the active site and the bound CABP molecule.
1.3.4.8 Functionality of Lys334 and Glu60 as revealed by site-directed 
mutagenesis
The proximity of the e amino group of Lys334 to the C2 carboxyl of CABP (Figure 1.7) 
leads to speculation on the possibility of its interaction with the carboxylated reaction 
intermediate (Knight et al., 1990). The characteristics of Lys334 mutants (Lys329 in the 
R.rubrum  rubisco structure) provide details of a more specific role in stabilising the 
transition states for the carboxylated and hydroperoxy intermediates (Soper et al., 1988; 
Hartman and Lee, 1989; Lorimer et al., 1993; Harpel and Hartman, 1994). For example, 
although the K329A R .rubrum  rubisco mutant has 0.01-0.03% of the wild-type 
carboxylase activity, the enzyme is able to generate the endiol(ate) at a rate 17% of the 
wild-type and catalyse further turnover of the intermediate 3-keto-2CABP at a normal rate 
(Lorimer et a l , 1993). Lys334 mutants also show decreases in Srei that indicate a larger 
impairment to the ability to catalyse the carboxylation partial reaction compared to the 
competing oxygenation. A Synechococcus mutant rubisco altered at Lys334 (Gutteridge 
et al., 1993) was shown to have a Srei value of 0.3 compared to 53 for the wild-type. A 
characteristic inability of all Lys334 mutants to stabilise an activated rubisco-CABP 
complex is consistent with this residue being involved in the immobilisation of the loop 6 
over the active site.
In the CABP-complexed activated rubisco structures, Glu60 and Lys334 form an inter­
subunit salt bridge (Knight et al., 1990; Newman and Gutteridge, 1993; see Figure 1.7). 
In the non-activated rubisco structure (Schneider et al., 1990) Glu60 interacts
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electrostatically with Lysl77. A function for these interactions involving Glu60 has been 
suggested by the properties of rubiscos with site-directed mutations at Lys334, Glu60 
and Lysl77 (corresponding to Lys329, Glu48 and Lysl68 of the R.rubrum  enzyme) 
(reviewed by Hartman and Harpel, 1994). It became evident that these residues are not 
essential for activation, substrate binding or enediol formation, therefore their primary 
function must occur at some point beyond enolisation.
Mutation at Glu60 (Glu48 of R.rubrum  rubisco) has produced enzymes with kinetic 
characteristics similar to the Lys334 variants (Hartman et al., 1987; Smith et a l , 1990; 
Lee et al., 1993; Chen and Hartman, 1995). They have greatly reduced carboxylase 
activities (0.5% of wild-type), but retain the capability to form an enediol (10% of wild­
type activity) and to process the carboxylated intermediate to products. For the E48Q 
mutant, Srei is reduced by about 35-fold, indicating the replacement reduces carboxylation 
of the enediol more significantly than oxygenation.
o
Since Glu60 is 3.3 A distant from the C2 carboxyl oxygen of CABP (in the 
Synechococcus structure of Newman and Gutteridge, 1993), it is thought to exert an 
influence by interacting with Lys334 rather than a direct association with a reaction 
intermediate.
The properties of the Lys334 and Glu60 mutants are consistent with both being key 
residues of an active site arrangement that fulfils one or more of the following functions; 
(i) activation of the enediol towards reaction with CO2 and O2; (ii) stabilisation of the 
transition states leading to the carboxylated and oxygenated intermediates and (iii) 
stabilisation of the hydroperoxy species formed by oxygen addition (unlike the 
carboxylated intermediate, forward commitment of the oxygenated intermediate to 
products has not been established). Recently, some insight into to the third possibility 
has been provided by the appearance of 02-dependent side-reaction products generated by 
E48Q and K329A mutants (Chen and Hartman, 1995; Harpel et al., 1995).
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1.3.4.9 02-dependent side-reaction products generated by site-directed 
mutant rubiscos
Product analysis of reaction mixtures containing the E48Q mutant rubisco showed that 
this enzyme forms a dicarbonyl (D -g/ycero-2,3-pentodiulose) and H2O 2 via a 
hydroperoxy intermediate (Chen and Hartman, 1995). Similar experiments with the 
K329A mutant revealed the presence of 2-carboxytetritol-l,4-bisphosphate (CTBP). 
H2O2 accumulation accompanied the CTBP formation and a transiently formed precursor, 
D-g/ycero-2,3-pentodiulose was identified (Harpel et a l ,  1995).
The E48Q and the K329AR.rubrum rubisco mutants appear to lack the ability to stabilise 
the hydroperoxy species formed by oxygenation of RuBP. These products are 
undetectable with the wild-type and the Mn2+ form of E48Q, which is also consistent 
with the view that Glu60/48 assists the stabilisation of an oxygenated reaction 
intermediate. The E48Q mutant also catalyses misprotonation, forming XuBP, again 
undetectable for the wild-type enzyme. This prompts the suggestion of a function for 
loop 6 in restricting the access of solvent to the site of reaction.
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1.4 Mn2+ RUBISCO-CATALYSED LUMINESCENCE
1.4.1 The oxygenation of RuBP catalysed by Mn2+-rubisco produces 
luminescence
The luminescence associated with rubisco-catalysed oxygenation was first demonstrated 
by Mogel and McFadden (1990) using spinach rubsico and a liquid scintillation counter. 
The light emission was shown to be 02-dependent and inhibited by CABP and high 
concentrations of bicarbonate. They screened rubiscos activated with a range of divalent 
metal ions and established the luminescence as being unique to the Mn2+-activated form. 
Their proposed source for the luminescence was a dimol emission of singlet oxygen 
(Section 1.5.4.8) which would be formed as a degradation product of an oxygenase 
hydroperoxy intermediate. This conclusion was based primarily upon an apparent second 
order response for the luminescence with respect to enzyme concentration, and the effects 
of various compounds known to either quench or enhance luminescence from such a 
reaction.
This mechanism was disputed by Lilley et al. (1993), who proposed that the 
characteristics of the emission are more consistent with luminescence resulting from 
excitation of the active site Mn2+ ion. In contradiction to the findings of Mogel and 
McFadden, these authors found the relationship between enzyme concentration and 
luminescence intensity for both spinach and R.rubrum  rubisco to be linear. They also 
measured the spectrum for the emission from a reaction mixture containing spinach 
rubisco. This displayed a broad band, commencing at around 610 nm, peaking in the 
region of 770 nm and extending past the limits of their detector (800 nm) into the 
infrared. Luminescence produced by a 'dimol' emission of singlet oxygen would be 
expected to produce two well-defined peaks at 633 and 703 nm (Khan and Kasha, 1970).
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There is also lack of agreement with regard to the 02-dependent kinetics in the two 
published accounts of rubisco luminescence. Mogel and McFadden (1990) compared O2 
uptake rates, measured using an oxygen electrode, and luminescence intensity. Both 
activities displayed similar O2 saturation characteristics. However, from their data, 50% 
of the maximum oxygen consumption (1/2Vmax) can be approximated to coincide with an 
O2 concentration of 200 pM, which is inconsistent with the Km(02) of 36 pM for Mn2+- 
activated spinach Rubisco oxygenase determined by Jordan and Ogren (1981) using an 
oxygen electrode. The 02-dependence of rubisco luminescence according to Lilley et al 
(1993) is not inconsistent with published values. However, since they could not obtain 
data for O2 concentrations between 200 pM and the zero datum, the oxygen-dependent 
kinetics for the chemiluminescent response remain to be satisfactorily resolved.
The Km(RuBP) for spinach rubisco luminescence of 400 nM obtained by Lilley et al. 
(1993) is substantially lower than the value of 7.3 pM determined by Martin and Tabita 
(1981) from the rates of oxygen uptake (measured using an oxygen electrode). 
However, the data of Lilley et al. (1993) follows Michaelis-Menten behaviour for RuBP 
concentrations ranging over three orders of magnitude and they suggested that the relative 
insensitivity of the oxygen electrode, compared to the luminometer, may account for the 
discrepancy.
1.4.2 Species variation in the luminescent response
1.4.2.1 Initial response of luminescence
Clear differences exist between different rubiscos in the time-course for the initial few 
seconds of luminescence (Lilley et al., 1993). Initiation of R.rubrum  luminescence 
produces an immediate maximum (within 0.25 of a second), after which the intensity 
decays to a much lower steady-state signal. Spinach rubisco luminescence, in contrast, 
gradually increases to a reach a maximum about 3 to 4 seconds after initiation.
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1.4.2.2 Relationships between light intensity and oxygen uptake rate
Significant variation also exists in the intensity of the emitted light relative to rubisco 
oxygenase activity between rubiscos from different species (Cox, 1992). For example, 
spinach rubisco generates approximately four times as much light per oxygenase turn­
over than R.rubrum  rubisco. Variability in this respect was also observed for Anacystis 
nidulans mutant rubiscos (Lee et al., 1993). The source for this variability is not clear. 
Lee and co-workers interpreted their findings as being due to alterations in the rate of 
singlet oxygen production, its release and/or interaction to generate an emission.
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1.5 CHEMILUMINESCENCE AND BIOLUMINESCENCE
1.5.1 Background
Chemiluminescence can be simply described as the emission of a photon produced by the 
decay of an excited molecule to the ground state. The electronically excited state is 
generated through promotion of an electron to a higher energy orbital. Bioluminescence 
(defined as chemiluminescence of biological origin) is generated by a vast range of 
different organisms and is associated with (mostly undefined) processes catalysed by 
luciferase enzymes (Figure 1.8). The light emissions are the fluorescence of the excited 
oxyluciferin products of the reaction of dioxygen with luciferin substrates. In general, 
good yields of the excited oxyluciferin are produced and consequently, light quantum 
yields can be high. Except for a few well-studied systems, the structures and light- 
producing mechanisms of these luciferases are largely unknown. The fluorescence is not 
always that of the free molecule in solution. Enzyme-bound excited species are common 
and the fluorescence can be modified as a result of this (Gundermann and McCapra, 
1986). Low-level light emissions accompany certain biological processes such as 
phagocytosis, and the oxidation of humic acid and brown coal. Peroxide decomposition 
is thought to be the source of these emissions. However, due to the low light levels 
involved, elucidation of specific excitation mechanisms is often difficult.
Luciferin + Luciferase —* Oxyluciferin*
Oxyluciferin* Oxyluciferin + hv
Figure 1.8 A  general reaction scheme for luciferase bioluminescence.
Explanations of the fundamental mechanistic and energetic requirements to account for the 
emission of light from these reactions can be found in Hercules (1969), Adam (1984),
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Gundermann and McCapra (1986). Essentially, for a chemical reaction to emit light, 
there must be (i) sufficient excitation energy, (ii) a species capable of being electronically 
excited, (iii) an emitter to release the excitation energy as light, (iv) a rapid chemical 
reaction rate and (v) a reaction coordinate that favours production of the electronically 
excited state over a vibrationally excited one (which would allow the ground state to be 
reached without the emission of a photon).
In simple terms, to fulfil the requirement of energy sufficiency, the excitation energy of 
the emitter must either be less than the energy of the precursor to the excited state or able 
to be thermally reached from it. The release of a photon in the region of 450 to 800 nm 
dictates a minimum reaction energy requirement ranging from 63 to 36 Kcal/mol.
1.5.2 F orm ation  o f  an excited  state
The absorption of energy by chemical substances can give rise to a variety of changes. 
For example, electrons of a molecule can be thermally excited. In this excited state the 
electrons have become unstable and to regain their original stability (the ground state) they 
need to release energy to their surrounds, in the form of heat for example. In the case of 
luminescent reactions, the radiated light is the energy release that accompanies the decay 
of an excited reaction intermediate to its ground state. The thermally-driven homolysis of 
a simple alkyl-substituted 1,2-dioxetan is an example of a reaction where the absorption 
of heat energy can result in the generation of a light-producing, excited intermediate 
(Figure 1.9).
o-o ^ 0  0 *
------> a  + A
Figure 1.9 The thermally activated homolytic cleavage of a simple 1,2-alkyl-substituted dioxetan.
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In the singlet state a molecule has no net unpaired electrons. If one electron is promoted 
from a ground singlet state (So) to a higher energy level with no change in spin an excited 
singlet state (Si) results (Figure 1.10). However, in some cases the singlet undergoes 
spin inversion via intersystem crossing to generate an excited triplet (Ti). Different types 
of light emission are associated with the decay from triplet and singlet excited states to the 
ground state. The transition from the first excited singlet to the ground state singlet (Si 
-> So) represents a transition requiring no change in spin state. These light emissions are 
termed fluorescence, and occur with rate constants (kf) of 107-109 s_1. Transitions 
between excited triplet to ground singlet states (Ti —* So) are called phosphorescence and 
occur with rate constants (kp) of 10-104 s_1.
1 t
t
► -
t
Si Ti
Figure 1.10 A scheme for the formation of singlet and triplet excited states.
Energy transfer from the excited state to an appropriate acceptor is possible providing 
there is an overlap of molecular orbitals at the time of generation of the excited state.
Various features can be associated with the formation of excited states that result in 
chemiluminescence. Since the physical conformation of a reactant will not change during 
the instant the excited state is formed (perhaps occurring within 10"15 s), the 
configuration of the crossing point between the ground and excited state potential energy 
surfaces in certain situations will favour entry into the excited state. An electronically 
excited state will be favoured in a reaction in which the configuration of the transition 
state between the reactant and the excited product closely resembles that of the latter 
(Gundermann and McCapra, 1986).
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In addition to those involving polycyclic aromatic hydrocarbons, Hercules (1969) 
identified electron transfer processes involving transition metal ion complexes as being 
potentially efficient chemiluminescent reactions, since reactions involving such 
compounds are known to show small configurational changes.
Formation of the excited state can also be facilitated by cage effects (described in Section 
1.2.3.2).
Restrictions imposed by the requirement for conservation of spin can also result in a 
reaction being accompanied by excited state formation. For example, if such rules 
indicate that triplet products are most likely, then excitation is favoured, since the majority 
of organic compounds are singlet molecules in the ground state. This idea appears to be 
applicable to chemiluminescent reactions of energetic intermediates derived from 
compounds such as dioxetans. Similarly, the generation of singlet oxygen from singlet 
reactants produces an excited state since ground state dioxygen is a triplet species.
1.5.3 Electron transfer reactions
Electron transfer reaction mechanisms can be used to account for electroluminescence, 
radical ion annihilation and peroxide decomposition. The general idea is that the 
chemiluminescence results from a highly exothermic transfer of electrons between 
fluorescent organic molecules (see Gundermann and McCapra, 1986 for a review). One- 
electron transfer processes form radical ion pairs, which can lead to formation of an 
excited, light emitting product.
The concept of electron transfer generation of an excited state is illustrated in the example 
of a radical ion annihilation shown in Figure 1.11.
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A CTW  + ACT(+) ----------► ACT* + ACT
LUMO
HOMO
A
>  +
T
A
▼
Figure 1.11 A scheme for the production of an excited state through radical annihilation (adapted from 
Gundermann and McCapra, 1986). Act represents a fluorescent aromatic hydrocarbon, such as 
diphenylanthracene; LUMO is the lowest unoccupied (for the ground state) molecular orbital and HOMO the 
highest occupied molecular orbital. In this diagram the excited state is shown as a singlet species.
1.5 .4  E xam p les o f  system s th at p rod u ce ch em ilu m in escen ce
1 .5 .4 .1  1 ,2 -D io x e ta n e s
Dioxetanes are four-membered cyclic peroxides which are distinguished as the being the 
only known isolable ultim ate precursors to an excited state that results in 
chemiluminescence (see Adam, 1983; Gundermann and McCapra, 1986). A simplified 
mechanism for 1,2-dioxetane chemiluminescence is given in Figure 1.12.
R l
o - o
R2 r 3 Ri R2
+
o
R4
Figure 1.12. A reaction mechanism for simple dioxetane chemiluminescence.
Dioxetane chemiluminescence can divided into two groups. Simple 1,2-dioxetanes 
without electron-releasing groups generate low light yields resulting from triplet 
excited carbonyl products. Dioxetans with electron-rich components produce 
substantially higher yields of singlet excitation. Dioxetane structures of this second 
group are of particular relevance to the mechanisms that apply to the high singlet
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yields that occur in bioluminescent reactions (Gundermann and McCapra, 1986; 
McCapra and Beheshti, 1989).
1.5.4.2 Peroxide Decompositions
The decomposition of an organic peroxide to products containing two carbonyl groups 
represents a simple mechanism to account for the release of radiative energy in the visible 
region (Schuster and Horn, 1982). A result of the unstable nature of the peroxide bond is 
that it can cleave with relative ease to produce an electronically excited state (Kopecky, 
1982; Schuster and Horn, 1982).
Molecular oxygen is a requirement for the majority of chemiluminescent reactions in 
solution. Almost without exception, organic peroxides are the postulated precursors to an 
excited light-em itting intermediate. Gundermann and McCapra (1986) classify 
mechanisms of peroxide decomposition into two broad groups. Some peroxides are 
distinguished by structural features that confer a propensity for the formation of excited 
states. This class can be divided into peroxides that undergo chemically initiated electron 
exchange chemiluminescence (CIEEL) and dioxetans. The reactions involving peroxides 
in the second class are grouped together on the basis that they have no unique structural 
features that suggest a specific mechanism for the luminescence.
1.5.4.3 Chemically Initiated Electron Exchange Luminescence (CIEEL) 
involving peroxides
The events leading to the generation of the excited state via the CIEEL mechanism involve 
electron transfer from an activator (a fluorescent aromatic compound) to a peroxide 
species. Decarboxylation produces oppositely charged radical-ions (Figure 1.13). 
Annihilation of the carbonyl radical anion and the activator radical cation can electronically 
excite the activator to its light emitting state (Seliger et al., 1981; Schuster and Horn,
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1982; Gundermann and McCapra, 1986). The decarboxylation is a key feature of the 
mechanism. This reaction is irreversible, and electron transfer from the radical anion 
back to the activator cannot occur once decarboxylation occurs. The loss of CO2 also 
provides a chemical route for the release of sufficient energy to generate an excited state 
when an electron is transferred from the carbonyl radical anion to back to the activator 
radical cation.
0 - 0
f V  ACT *
o-cr
T l  ACT+
o
0. ___O ACT+
A N "
O
-C O 2
9 7 ACT+ + ACT* light
Figure 1.13 An outline of the CIEEL mechanism using the reaction of a dioxetanone with a ground state 
aromatic hydrocarbon (Act) (adapted from Schuster and Horn, 1982).
1 .5 .4 .4  D io x e ta n o n e s
Dioxetanones are relatively short-lived species and their decomposition is readily 
catalysed by the presence of electron-donating compounds or substituents. The key 
intermediate in firefly bioluminescence also has a dioxetanone component (Figure 1.14), 
which is part of an electron-rich, aromatic molecule. The electron-donating part effects 
decomposition of the cyclic perester structure almost immediately upon formation.
An electron transfer mechanism similar to the CIEEL mechanism outlined above is 
thought to apply to the bioluminescent reactions involving dioxetanones. The firefly 
luciferase-catalysed reaction of luciferin with dioxygen and ATP is described in Figure 
1.14. The reaction products are light, CO2 , AMP, phosphate and oxidatively 
decarboxylated luciferin. An intramolecular one electron-transfer is thought to result in 
cleavage of the dioxetanone radical-anion, producing CO2 and the equivalent of an ion 
pair (for this reaction, part of the luciferin substrate appears to be the activator). The
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singlet, light emitting state is then formed by a non-dissociative (intramolecular) electron- 
transfer.
Figure 1.14 A reaction scheme for firefly bioluminescence (adapted from Gundermann and McCapra, 
1986).
1 .5 .4 .5  S econ d ary  p eroxy  esters and p eroxy  esters
Electron transfer mechanisms have also been used to describe chemiluminescent reactions 
of secondary peroxides (Schuster and Horn, 1985; Gundermann and McCapra, 1986).
In the reaction of tetralin peroxide with zinc tetraphenylporphine (ZnTPP) (Linschitz, 
1961; - cited in Schuster and Horn, 1985; Gundermann and McCapra, 1986), peroxide 
reduction by electron transfer from ZnTPP forms an alkoxy-radical and a ZnTPP radical- 
cation (Figure 1.15). The metallo-porphyrin is then excited by an electron transfer 
associated with the reduction of the alkoxy radical.
Figure 1.15 A reaction scheme for secondary peroxide-metalloporphyrin chemiluminescence (adapted from 
Schuster and Horn, 1982).
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Chemiluminescence of secondary peroxy esters (Figure 1.16) is mechanistically similar to 
that described for the tetralin-ZnTPP reaction described above. A key similarity of these 
two reactions is the loss of the secondary proton which facilitates electron transfer to the 
activator radical cation (Gundermann and McCapra, 1986).
h  9
h 3Cn I /  O- O- C- CH3
c
+ ACT
H 3Cx c .O
----- >• O  + ACT* + CH3COOH ----- > ACT + light
Figure 1.16 A chemiluminescent reaction scheme involving a secondary acyclic peroxide (Gundermann and 
McCapra, 1986).
1 .5 .4 .6  B a cter ia l b io lu m in escen ce
In some ways, secondary peroxy esters are also thought to be reasonable structural 
analogues for the intermediate involved in bacterial bioluminescence, although the model 
may not be accurate since the bacterial flavin peroxy species is not an ester. The 
precursor to the excited intermediate appears to be luciferase-bound flavin 4 a - 
peroxyhemiacetal (Kosower, 1981; Macheroux et al, 1994). The reaction requires the 
presence of a long chain aldehyde in addition to a reduced flavin mononucleotide and 
dioxygen. The mechanism shown (Figure 1.17) is generally accepted.
The decomposition of 4a-(alkylperoxy)flavins (Figure 1.18) have been shown to emit 
light (Shepherd and Bruice, 1980). These emissions were attributed to energy transfer 
(accompanying the peroxide decomposition) to fluorescent by-products, rather than the 
fluorescence of a species analogous to the postulated, bacterial luciferase-bound flavin 
pseudo-base (see Figure 1.17).
H3CX(t o .
■» 0  + ACT+(+)CH3COO-
cH3̂ Y ' Ny ' N'YO
H O
02 N
H O  0
O
H
0
+ R2COOH
R2
Figure 1.17 A postulated reaction mechanism for bacterial bioluminescence (Adapted from Kosower, 
1981).
1 .5 .4 .7  L u m in o l
Luminol is a member of a class of chemiluminescent cyclic hydrazides of aromatic 
heterocyclic acids. The mechanism of the reaction is complex and the events leading to 
actual excitation step are not fully understood (McCapra and Beheshti, 1989). The 
reaction in dipolar, aprotic solvents (eg. dimethylsulphoxide) requires only the presence 
of oxygen and strong base. In aqueous solution the presence of a one-electron transfer 
oxidant (eg. ferricyanide) is required. A general mechanism is shown in Figure 1.19.
1 .5 .4 .8  E n erg y  tra n sfer  in v o lv in g  s in g le t oxygen
Dioxygen in the singlet state is an excited species. Singlet oxygen chemiluminescence 
involves the emission of energy through deactivation of the excited singlet state. Decay 
of singlet oxygen to the ground, triplet state generates an emission with a peak at 1270 
nm (known as singlet oxygen monomol emission). The interaction of two excited singlet 
oxygen molecules is also possible (simultaneous transitions in molecular pairs). The 
reaction generates what is known as singlet oxygen "dimol" emissions with peaks at 634
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nm and 703 nm (Khan and Kasha, 1970; see also Cadenas, 1985; Kasha et al., 1981). It 
is also possible for energy transfer from the singlet oxygen "dimol" complex to excite an 
appropriate energy accepting species to a light emitting state (Khan and Kasha, 1966, 
1970).
R
Ri
4a-alkylperoxyflavin
Figure 1.18 A proposed decomposition of a 4a-alkylperoxyflavin (Shepherd and Bruice, 1980). It was 
concluded that the product shown as an excited state was not chemiluminescent. The light emissions 
observed with this reaction were proposed to be from fluorescent acceptors formed as (undefined) side-reaction 
products.
NH2 0
-O OO-
COOH
COOH
n2
Figure 1.19 A reaction scheme for luminol luminescence. Oxygen in various reactive forms appears to 
be able to oxidise luminol to form an excited state. The intermediates steps shown here are speculative 
(adapted from McCapra and Beheshti, 1989).
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1.5.4.9 Low-level biological chemiluminescence
Chemiluminescence can be associated with biological processes that release superoxide 
anion, hydrogen peroxide or singlet oxygen precursors. This "non-specific" light 
emission is a product of the subsequent reactions of these species with susceptible 
molecules in their vicinity (Seliger et al., 1981). It is possible to enhance this type of 
chemiluminescence (by a factor of 103) by the addition of luminol or lucigenin. The 
reaction of these substrates with reactive oxygen species produce intermediates (a 1,4- 
endoperoxide and a 1,2-dioxetane, respectively) that undergo electron exchange 
decomposition to generate electronically excited monomer products. An example of this 
type of chemiluminescence is the relatively low emissions associated with phagocytic 
polym orphonuclear leucocytes (neutrophils) which have been shown to release 
superoxide, hydrogen peroxide, hydroxyl radical and possibly singlet oxygen.
Excited carbonyl compounds are thought to be the source of low level emissions 
associated with the autoxidation reactions of hydrocarbons. The weak emissions due to 
oxidation of humic acid and brown coal are examples (Gundermann and McCapra, 
1986).
Chemiluminescence associated with lipid peroxidation also appears to be related to excited 
carbonyl formation (Cadenas, 1985). The presence of singlet oxygen has also been 
implicated; there is evidence that suggests singlet oxygen could be both a source of 
excited carbonyl formation (through reaction with unsaturated fatty-acids) and a product 
of the quenching of excited carbonyls with triplet dioxygen.
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hv
hv
Singlet oxygen
Monomol emission 1270 nm 
Dimol emission 634, 703 nm
Excited carbonyl emission 
350 -450 nm
Sensitized emission
Figure 1.20 A scheme for the emission and transfer of energy from an excited carbonyl (taken from 
Cadenas, 1985). Energy can be emitted directly from the excited carbonyl (RO*) or transferred to a fluorescent 
acceptor (A) or to oxygen.
An excited carbonyl could potentially be the result of a either a 3n it* or a 3ji jt* 
molecular transition. The first of these transitions requires the lowest energy. In this 
case, an electron from the carbonyl oxygen lone pair is promoted to a vacant n* orbital 
(an anti-bonding orbital) shared by the carbon and the oxygen. Either a triplet or a singlet 
excited state can result. The triplet state is possibly of more relevance to the low level 
chemiluminescent reactions in biological systems (Cadenas, 1985). Triplet states are 
longer lived which means a greater possibility of reactions with (or energy transfer to) 
other molecules. The decay of excited carbonyls to the ground state produces a weak 
emission around 380 - 450 nm. It is also possible for the excitation to be transferred to a 
fluorescer (shown as A in Figure 1.20 which outlines a scheme for the deactivation of an 
excited, triplet carbonyl).
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1.5.5 Acetolactate synthase luminescence
Acetolactate synthase (ALS), an enzyme with an oxygenase activity that, under certain 
conditions, is comparable to that catalysed by rubisco (Abell and Schloss, 1991), has also 
been shown to have an associated luminescence (Durner et a l , 1994). ALS is similar to 
rubisco in its requirement for a divalent metal ion, although, unlike rubisco the function 
of the metal ion is thought to be restricted to a structural role (Abell and Schloss, 1991). 
The kinetic parameters for both the synthase and oxygenase reactions vary slightly for a 
range of divalent metal ions, however for Mg2+-, Mn2+- and Ca2+-activated ALS 
partitioning between the oxygenase and synthase activities is essentially the same (Tse 
and Schloss, 1994). Also unlike the rubisco-catalysed reaction, the luminescence 
associated with ALS occurs with enzyme activated with both Mn2+ and Mg2+ (Durner et 
al., 1994) and in the absence of the flavin co-factor, a potential fluorescent emitter (whose 
only proposed function is the stabilisation of the quaternary protein structure).
Given these findings, the proposal of a singlet-oxygen related luminescence is not 
unreasonable. Abell and Schloss (1991) identified acetate and a 0.5 mole equivalent of 
oxygen as the ultimate products of the ALS oxygenation. However, they also obtained 
evidence consistent with the formation of an (hydroxyethyl)thiamine pyrophosphate 
hydroperoxide intermediate that decomposes to peracetic acid and thiamine pyrophosphate 
(a co-factor essential for ALS catalysis). The release of peracetate would complete the 
ALS oxygenase catalytic cycle by undergoing non-hydrolytic decomposition to form 
acetate and O2 (Tse and Schloss, 1994).
The rules that govern the conservation of spin dictate that the decomposition of a singlet 
reactant should give rise to singlet products (Section 1.5.4.8). This implies that the non­
enzymic decomposition of peracetate could account for the production of singlet oxygen 
in solution, and, therefore provide a source for the ALS associated luminescence.
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1.5.6 Luminescence involving transition and lanthanide metal complexes
A search of the literature has revealed no specific examples of electron transfer 
luminescence involving Mn(II) complexes. However, intermolecular energy transfer 
between excited states and first row transition metal complexes (including Mn2+ species) 
has been demonstrated to be a significant factor in the quenching of triplet excited states 
of aromatic molecules (Hammond et al., 1964; Fry et al., 1966; Chen and Porter, 1970; 
Binet et al., 1968). Studies of the quenching by different Cr3+ complexes showed that 
the electron transfer can be accompanied by sensitisation of emissions from the metal 
chelates. Energy transfer from the triplet states of excited aromatic species to Cr3 + 
complexes (Ohno and Kato, 1969) has also been characterised. Ru(2,2'-bipyridine)32+ 
is a further example of a chemiluminescent transition metal complex that exhibits charge 
transfer emissions (for a review see Seddon and Seddon, 1984).
The ability of lanthanide series metals to be excited via energy transfer luminescence both 
in the form of complexes in free solution and within protein matrices is relatively well 
known. Weissman (1942) reported the excitation of Eu3+ fluorescence in Eu3 + 
complexes (in the solid state and in solution) by intramolecular energy transfer. 
Precedence exists for the initiation of chemiluminescence from a lanthanide series metal 
complex via an intermolecular energy transfer from a chemically generated excited state. 
Wildes and White (1974) proposed a mechanism of energy transfer from an excited state 
product generated upon thermal decomposition of trimethyldioxetane to a Eu3+-complex 
in solution to account for their observations of Eu3+ chemiluminescence.
Tb3+ has been exploited as a probe to investigate Ca2+-binding sites of different proteins 
(Epstein et al., 1974; Brittain et al., 1976; de Jersey et al., 1980). Significant 
enhancement of the characteristic Tb3+ emission can be observed when the ion is 
substituted for Ca2+ in different Ca2+-dependent enzymes. Excitation of the Tb3+ ion
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complexed within the protein matrix was proposed to occur through energy transfer from 
excited tryptophan, tyrosine and phenylalanine resides.
1.5.7 Summary
Reactions involving cleavage of an oxygen-oxygen bond are generally considered to be 
sufficiently energetic to account for light emissions in the visible region.
Peroxide decompositions have the potential to produce excited carbonyls. That is, in 
favourable conditions the energy released upon cleavage of a peroxy 0 -0  bond can 
produce a carbonyl product in an elevated energy state. The excited state "resides" on the 
tc orbital of the carbonyl carbon-oxygen bond. The decay of an excited carbonyl to its 
ground state can produce a characteristically weak photon emission (380-450 nm).
Formation of an excited carbonyl in a longer lived triplet state provides an opportunity for 
energy transfer to a fluorescent acceptor or ground state oxygen (which would generate 
singlet oxygen). In the former case, the emission is significantly enhanced and the 
spectrum will correspond to the characteristic fluorescence of the energy acceptor.
A more specific mechanism for chemically initiated excited state generation and light 
emission involving electron transfer and the formation and subsequent annihilation of a 
radical ion-pair has been formulated to explain chemiluminescence and bioluminescence 
involving dioxetanone species and other peroxide-containing molecules. Electron transfer 
from an activating species (typically a fluorescent electron-rich, aromatic compound) to a 
peroxide followed by decarboxylation, forms a radical-ion pair (activator and peroxide). 
Annihilation of the carbonyl radical anion and the activator radical cation generates the 
excited, light-emitting state of the activator. A  mechanism along these lines has been 
proposed for the firefly luminescence. In this instance the luciferin substrate consists of
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both a dioxetanone and an electron-rich aromatic, activating component. Therefore, a 
process of intramolecular electron transfer generates the excited, light-emitting state.
In the absence of a direct emission from singlet oxygen or an excited carbonyl, an 
essential requirement for light emission is the presence of a fluorescent species. In these 
situations the observed luminescence will be due to the excitation of the fluorescent 
species; either by energy transfer from an excited carbonyl or through a process of 
electron transfer, carbonyl radical-anion formation and radical-ion annihilation.
When the luminescent process takes place in an enzyme active site it is possible that the 
fluorescence of the emitter will be modified. For example, a synthetic luciferin substrate 
reacted with luciferases from different species of firefly will produce emissions at 
different wavelengths (McCapra and Beheshti, 1989). This indicates that as well as 
providing favourable conditions for excited state formation, the cage effects of enzyme 
active sites are likely to influence the energy level of the excited product.
Transition metal ion complexes can be luminescent. Furthermore, processes of energy 
and electron transfer can account for the formation of the excited, light emitting state. 
There is evidence for the stimulation of luminescence from lanthanide series metals via 
energy transfer from a chemically excited organic product (a dioxetane decomposition 
product). An energy transfer mechanism (from aromatic amino acid residues) has also 
been proposed to account for laser-excited stimulation of luminescence from lanthanide 
series metals complexed to proteins with Ca2+-binding sites.
The excited intermediates involved with light emissions are in most cases, by their very 
nature short-lived, highly unstable species and not readily isolated. Even with the 
existence of suitable model reactions (based upon structures of the precursor to the 
excited intermediate) the elucidation of a specific mechanism for excitation can be 
difficult.
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1.6 SO M E A SPEC TS O F M A NGA NESE (II) C O M PLEX ES
1.6.1 E lectron ic  configura tion  and  coo rd ina tion  of M n(II)
The free Mn (II) ion (Mn2+) has five unpaired electrons, occupying each of its 3d 
orbitals, distributed spherically about the nucleus. In a condensed phase these d electrons 
will interact with electrons localised on ligand atoms to form a Mn(II) complex. Complex 
formation disrupts the spherical symmetry of the d electrons the 3d-orbital degeneracy. 
For an octahedral complex the respective d orbital energies will be altered as depicted in 
Figure 1.21. In such a state there are two kinds of d orbital for the Mn(II) ion (t2g and 
eg). The energy of the e orbitals is raised, while the t2g orbitals are stabilised in the 
octahedral array of ligands. Variation in the spatial arrangement and the properties of the 
ligands about the Mn2+ ion will alter the nature of this splitting of degenerate 3d orbitals. 
Complexes of Mn(II), in the ground state, with a few exceptions, generally have what is 
referred to as a high-spin configuration, with the five electrons unpaired. In the high-spin 
configuration the energy balance results in a zero net ligand field stabilisation energy. 
This property accounts for the low formation constants for Mn(II) complexes in aqueous 
solution compared to other transition metals. The extinction coefficients for low-spin, 
tetrahedral Mn(II) complexes are considerably higher, roughly 10-fold, than those for the 
octahedrally coordinated ion.
d orbital splitting for an octahedral 
array of ligands
Figure 1.21 Energy-level diagrams showing the splitting of a set of d-orbitals for Mn(II) based upon 
the model of crystal field theory, (adapted from Cotton and Wilkinson, 1988).
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1.6.2 Electron transfer processes in transition metal complexes
Many of the reactions involving transition metal complexes involve electron transfer 
processes. These can be divided into two main classes; (1) those in which there is no net 
chemical change and (2) those where there is chemical change. The former have been 
termed as electron-exchange processes and the latter are oxidation-reduction reactions 
(Cotton and Wilkinson, 1988). There are two general mechanisms of electron transfer. 
An outer sphere mechanism describes the situation where the coordination shell of each 
complex remains intact and the electron passes through both. An inner sphere mechanism 
applies when two complexes form an intermediate where at least one ligand is shared or 
interacts simultaneously with both coordination shells.
For the rubisco catalysed oxygenation both O2 and the RuBP-derived intermediate interact 
with the active site Mn(II) species. If electron transfer does occur in the Mn2+-rubisco 
active site during oxygenation (or carboxylation) it seems likely that it would occur 
entirely within the Mn(II) coordination sphere.
1.6.3 Luminescence of Mn(II) complexes
Photoluminescence spectroscopy has been extensively applied to the study of excited 
states of both the transition and lanthanide series metal complexes. The emissions of 
transition metal ions are typically in the red or near infrared part of the spectrum (Crosby, 
1975). Luminescence from a Mn(II) species would be expected to arise from the lowest 
possible excited configuration which results from the promotion of an electron from ¿2g 
to eg resulting in a 3dd excited state (Crosby, 1977). 3dd emission spectra are typically 
broad and mean decay times after flash excitation range from 10 to 500 ps. The 
emissions characteristically have low quantum yields which can be considerably enhanced 
by eliminating high-frequency vibrations within the coordination sphere.
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Energy transfer luminescence can occur with transition metal ions. Some examples have 
been described in Section 1.5.6. An example of how this could occur is shown below.
energy transfer to Mn^+ d orbitals
Figure 1.22 Energy level diagrams showing stimulation of Mn(II) luminescence by a process of 
energy transfer. Si represents a singlet state, Tj a triplet and eg and t2g the d orbitals of the Mn(II) ion.
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1.7 PROJECT AIMS
The initial aim of this study was to further investigate the characteristics of the rubisco 
luminescence. Lilley et al. (1993) reported significant differences between the 
luminescence emitted by the LsSs higher plant rubisco from spinach and the L2 bacterial 
enzyme from R.rubrum. This study extends the characterisation of different rubiscos to 
include the LsSs cyanobacterial rubisco from Synechococcus. Experiments were 
directed at providing an assessment of the use of the rubisco luminescence to measure 
rates of oxygen uptake.
The oxygenase-dependence of the Mn2+-rubisco luminescence implies that an excited 
state is formed, either at some stage of the oxygenase reaction sequence or on an 
oxygenase-dependent side-reaction path. In essence this means that the luminescence 
provides a spectroscopic signal of the formation of a specific reaction intermediate. 
Therefore, it could provide new insights into the kinetics and mechanism of the rubisco 
oxygenation, particularly given the rapid response times that can be achieved using such 
methods of analysis. In order to determine if the differences in luminescent response 
between these rubiscos reflect kinetic differences, relationships between oxygenase 
activity and light intensity were examined under a range of different reaction conditions.
Lilley et al. (1993) observed apparent burst characteristics for the light emission 
generated by R.rubrum  rubisco. To test their hypothesis that this indicates the light- 
emission for this rubisco precedes the major rate-determining event(s) the influence of 
different reaction conditions on luminescence time-courses (at 0.25 s resolution) in the 
initial few seconds of catalysis and at steady-state was also determined.
The potential of the rubisco luminescence to screen the properties of mutant rubiscos was 
also investigated using a site-directed mutant R.rubrum  rubisco. The characteristics of 
the luminescence produced by this enzyme were determined and compared to its 
oxygenase activity.
The applicability of using a Mn2+-activated rubisco catalysed reaction to provide 
information regarding the Mg2+-activated form (which occurs in vivo) also needs to be 
addressed. Therefore, a further aim of the work presented here was to compare 
characteristics of the Mn2+-and Mg2+-activated forms of rubisco. Long-term kinetics 
were determined for the three different rubiscos and the possibility of side-reaction 
product formation and active site chemistry unique to the Mn2+-form was investigated. 
The reactivity of manganese in solution was also examined.
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Previous studies of the rubisco luminescence reached different conclusions as to the 
mechanism that results in light emission. To test the validity of the hypothesis that the 
emission is singlet oxygen-related (Mogel and McFadden, 1990) the influences on 
luminescence and oxygen uptake of a range of potential inhibitors and enhancers of 
singlet oxygen chemiluminescence was examined. The possibility of an emission from 
the active site Mn2+ ion (Lilley et al., 1993) was assessed by comparing the emission 
spectra of the luminescence generated by spinach and R.rubrum rubisco with the spectral 
characteristics of the luminescence from both singlet oxygen and Mn complexes.
CHAPTER TWO
MATERIALS AND METHODS
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2.2 METHODS
2.2.1 Determination of rubisco luminescence
Rubisco lum inescence was measured using an LKB-W allac 1251 Luminometer 
controlled by an Apple M acintosh Colour Classic computer (software: Apple 
Macterminal). Reactions were performed at 25°C, in polystyrene cuvettes open to the 
atmosphere and continuously stirred.
RuBP and rubisco were added to reaction mixtures either manually by microsyringe or 
controlled by the luminometer programme automatically using LKB 1291 dispensers. 
Specific details of reaction conditions are given in figure legends. The intensity of the 
luminescence was obtained directly from the voltage output of the photomultiplier and 
routinely expressed as millivolts.nmol"1 rubisco sites.
2.2.2 Determination of rubisco-catalysed oxygen uptake.
Rubisco-catalysed oxygen consumption was determined polarographically using a 
modified Clarke-type oxygen electrode (Walker, 1988) linked via a control box to a chart 
recorder (Bausch and Lomb). The electrode was calibrated using air saturated water and 
sodium dithionite according to the method of Walker (1988). Reactions were performed 
in a cell (1 cm diameter) closed from the atmosphere, except for a 1 mm hole for addition 
of reagent using a microsyringe. Specific details of reaction conditions are given in 
figure legends. The reactions were maintained at 25°C and stirred continuously using a 
magnetic stirrer. Oxygen concentration was obtained by a direct conversion of the 
voltage reading (measured from the chart paper) and expressed as nmoles 02 -nmoT1 
rubisco sites.
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2.2.3 Carboxylase assays
Rubisco carboxylase activity was determined by following the incorporation of 14C 0 2 as 
acid-stable reaction product (Edmondson et al., 1990). Reactions were performed in 
septum-sealed glass vials, in a thermostatted water bath. Catalysis was initiated by the 
adding pre-activated rubisco using a syringe and 10 pi was sampled at the required time 
intervals into a scintillation vial containing 500 pi formic acid in ethanol, and evaporated 
on a hot plate. After redissolving in 500 pi 0.1 M HC1 and adding 5 ml scintillant, the 
radioactivity was determined by scintillation counter. The total radioactivity in the 
reactions (Bq/nmol) was estimated by sampling 10 pi of the reaction mixture into 990 pi 
0.1 N NaOH. 20 pi of this was sampled (in triplicate) into a scintillation vial containing 
480 pi 0.1 N NaOH. 5 ml of scintillant was added and radioactivity determined as for 
the standards. The time zero activity was measured by sampling (10 pi) the mixture prior 
to adding activated rubisco.
The time-dependent decay of Mn2+-activated rubisco carboxylase activities was followed 
by sampling reactions at intervals into scintillation vials over 60 minutes. Conditions for 
individual assays are given in figure legends. After redissolving in 500 pi 0.1 M HC1 
and adding 5 ml scintillant, the radioactivity was determined by scintillation counter. 
When reactions were performed in the absence of 0 2, assay reagents were either 
previously degassed with N2 or prepared using N2-saturated water under an N2 
atmosphere.
2.2.4 Use of protocatechuic acid dioxygenase as an O2 trap
Due to the open design of luminometer sample chamber it was not possible to maintain an 
atmosphere of 100 % N2. "N2-equilibrated" refers to ^ -satu ra ted  (bubbled with N2 gas 
for at least 30 minutes prior to assay) reaction mixtures for which the atmosphere inside
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the cuvette was continuously flushed with N2 during the reaction. Even under these 
conditions some dissolved O2 was present.
Completely C>2-free conditions for rubisco catalysis were achieved in the luminometer by 
including protocatechuic acid and protocatechuic acid dioxygenase in the reaction (Harpel 
et al., 1993). Catalysis was initiated by adding preactivated R.rubrum rubisco (0.05 nmol 
sites preincubated in 25 mM Tris-Cl, 0.1 mM Na2EDTA, 2 mM DTT, 2 mM MnCl2, 40 
mM NaHC03 , pH 8.1 at room temperature for 30 minutes) to 25 mM Tris-Cl, 0.1 mM 
Na2EDTA, 0.04 mM DTT, 2 mM MnCl2, 0.8 mM NaHC03, and 100 pM RuBP at pH 
8.1 and 25 °C. The reaction mixtures were "N2-equilibrated" as described above. 100 
pM protocatechuic acid (10 pi of a 5 mM solution in milliQ water) and 0.1 pg 
protocatechuic acid (10 pi of a 10 mg/ml solution in 25 mM Tris, 0.1 mM Na2EDTA, pH 
8.0) were added either 60 s prior to initiating catalysis or as otherwise indicated in Figure 
3.7.
2.2.5 Quantification of H2(>2 in rubisco reaction mixtures
Rubisco reaction mixtures were assayed for the presence of hydrogen peroxide using a 
peroxidase-coupled assay. After 30 minutes of reaction (25 mM K+/EPPS, 0.2 mM 
EDTA, 2 mM MnCl2, 10 mM NaHC03, 250 pM RuBP, 2.18 nmol rubisco active-sites, 
pH 8.0, 25 °C, 500 pi volume), mixtures were adjusted to pH 5.4 by adding 500 pi 2 M 
sodium acetate. H20 2 standards were prepared by diluting aliquots of an 8.7 mM stock 
solution (H20 2 concentration determined using an E240nm of 46.6 M 'Tcnr1) 500 pi of 2 
M sodium acetate to which an equal volume of reaction buffer (containing 25 mM 
K+/EPPS, 0.2 mM EDTA, 2 mM MnCl2, 10 mM NaHC03, 250 pM RuBP, pH 8.0, 
incubated for 30 minutes at 25 °C) was added. 10 pi o-phenylenediamine  
dihydrochloride (OPD) substrate solution (10 mg OPD dissolved in 8 mM Na2H C 03 
buffer, previously adjusted to pH 5.0 using solid citric acid) was added to each 
sample/standard, followed by a 10 pi addition of horse-radish peroxidase solution (5
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units/ml in 1 M sodium acetate, pH 8.5). After a 10 minute incubation at room 
temperature the reaction was stopped by the addition of 60 pi of 6 N sulphuric acid and 
E490 measured in a HP 8453 UV-visible spectrophotometer (Hewlett-Packard).
2.2.6 Determination of emission spectra for Mn^+-rubisco luminescence.
The emission spectrum of the luminescence for spinach and R.rubrum  rubiscos was 
determined using interference filters and an Aminco spectrofluorimeter. The wavelength 
and intensity of the transmission maximum and the band-pass for each filter was 
determined using a HP8435 UV-visible spectrophotometer (Hewlett-Packard). In each 
case the band pass was approximately 10 nm.
Mn2+-rubisco reactions were initiated by adding either spinach rubisco (pre-activated, 
6.93 nmol sites) or R.rubrum  rubisco (pre-activated, 2.83 nmol sites) to a solution of 25 
mM EPPS/K+, 0.1 mM Na2EDTA, 2 mM MnCl2, 10 mM N aH C03, 5 mM RuBP, pH 
8.0 at room temperature.
Individual reactions were performed with each filter (in duplicate) in a glass NMR tube 
contained within a light-tight, cylindrical sample chamber of about 1 cm diameter. The 
sample chamber was completely lined with aluminium foil, with the exception of a 5 mm 
vertical slit directed at the detector. Readings were taken using the photon counting mode 
with a 5 s integration time.
Upon initiation of catalysis, the light intensity was recorded at 15 second intervals for 2 
minutes. A background reading was obtained for each filter by averaging the intensity 
recorded at 15 s intervals over 60 s for the reaction mixture prior to adding activated 
rubisco. The final intensity plotted for each wavelength was obtained by subtracting the 
averaged background from the signal at 30 s, and this was scaled according to the % 
transmission of the filter.
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3.1 INTRODUCTION
Previous descriptions of Mn2+-rubisco luminescence revealed differences in the 
luminescence produced by rubisco from different species (Mogel and McFadden, 1990; 
Lilley et al., 1993) and for site-directed mutant rubiscos (Lee et al., 1993). Lilley et al. 
(1993) noted, but could not completely account for, significant differences in the initial 
few seconds of the luminescence from spinach and R.rubrum  rubisco. Lee and 
McFadden (1992) also reported differences in the time-courses for rubiscos from 
Anacystis nidulans with different mutations at Ser376. Variation was seen in the 
approach to a maximum emission and in some cases rapid inactivation occurred after a 
few seconds of catalysis.
The initial aim of the work presented in this thesis was to further characterise the 
luminescence for Mn2+-rubiscos from three different organisms; spinach (higher plant 
LsSs rubisco), Synechococcus (bacterial LsSs) and R.rubrum  (bacterial L2). The 
luminescence catalysed by each rubisco was measured over two minutes in reaction 
mixtures with different buffers. Differences in the characteristics of the luminescence in 
the initial few seconds, preceding the onset of steady-state rubisco catalysis, were also 
examined.
For Anacystis nidulans mutant rubiscos with different substitutions of the Leu332 
residue, Lee et al. (1993) reported considerable variation in the intensity of light emission 
relative to the measured rate of oxygen consumption. This was explained in terms of 
variations in the rate of singlet oxygen formation, independent of the differences in the 
oxygenase activities of the mutant rubiscos. However, considering the doubt which 
surrounds a mechanism of a direct dimol emission from singlet oxygen (Lilley et al., 
1993) this explanation is far from conclusive. Also included in the work presented in this 
chapter are comparisons of the relationship between rubisco-catalysed luminescence and
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oxygen uptake rate. Correlation factors that quantify the luminescence intensity relative to 
oxygenase activity were determined.
Evidence for a dependence of rubisco luminescence on the presence of oxygen was 
confirmed by Lilley et al. (1993). When these authors included a glucose oxidase 
oxygen-trap, rubisco luminescence was completely extinguished. Glucose oxidase 
catalyses the incorporation of only one atom of the dioxygen molecule into glucose, while 
the other oxygen atom reacts to form H2O2. For this reason the experiment was repeated 
using the protocatechuic acid dioxygenase reaction (Harpel and Lee, 1993) to remove O2 
from reaction mixtures. With this reaction both oxygen atoms are incorporated into the 
substrate, protocatechuic acid, which eliminates the possibility of a reactive oxygen- 
derived species (including H2O2, a known inhibitor of rubisco catalysis) to interfere with 
the reaction. The influence of oxygen concentration on the intensity of the maximum 
emission (at 0.25 seconds) for rubisco from R.rubrum was also examined.
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3.2. RESULTS
The time-courses for Mn2+-rubisco luminescence from two different spinach rubisco 
preparations (denoted A and B), isolated using the same procedure, were different even 
when they were pre-activated and assayed in identical buffers (Figure 3.1). The 
luminescence for spinach rubisco from preparation A was similar to that reported by 
Lilley et al. (1993). The maximum luminescence intensity was reached about 3 to 4 s 
after the initiation of catalysis by adding activated rubisco. This was followed by a period 
of steady-state activity of about 30 s, after which a decline in intensity occurred.
For spinach Mn2+-rubisco from preparation B the approach to the maximum emission 
was significantly slower, with the rate of increase being distinctly biphasic. The initial 
phase, which lasted about 3 s, appears to correspond to the time taken for the maximum 
emission to occur for prep. A. At the end of this period the light intensity was only about 
two thirds of that produced by prep. A (Figure 3.1 inset). During the second phase, the 
luminescence intensity continued to increase at a slower rate and approach that of the 
emission from the same reaction in tricine (Figure 3,1).
Also, the type of buffer used influenced the rate of increase in luminescence in the second 
phase. The maximum emission (prep. B) was reached after about 30 s in tricine and 60 
seconds in EPPS, but in Tris buffer the intensity was still increasing at 120 s. At this 
time the light intensity in Tris was approximately 87 to 90 % of the intensity measured at 
the same time in the presence of EPPS and tricine.
When spinach Mn2+-rubisco (prep. A) was pre-activated in tricine but assayed in EPPS 
buffer, the time-course (data not shown) was the same as when it was both activated and 
assayed in tricine (Figure 3.1).
3 .2 .1  S p in ach  M n 2+-r u b isc o  lu m in e sc e n c e
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Changing the pre-activating buffer (Tris or EPPS) on its own had no effect on spinach 
rubisco luminescence (data not shown).
Figure 3.1 Time-courses for Mn2+-activated spinach rubisco luminescence in different buffers. 
Reactions were initiated by the injection of 0.323 nmol rubisco sites (preactivated at room temperature for 
30 minutes in the presence of 25 mM buffer, 0.1 mM Na2EDTA, 2 mM DTT, 2 mM MnCl2 and 10 mM 
NaHC0 3 , pH 8.2) into a solution containing 25 mM buffer, 0.1 mM Na2EDTA, 2 mM MnCl2 , 200 pM 
NaHCCE (carried over with activated enzyme), 40 pM DTT (carried over with activated enzyme) and 100 pM 
RuBP at 25 °C to give a final volume of 500 pi. Luminescence intensity was measured using a 
luminometer as described in Section 2.2.1. In each case spinach rubisco was pre-activated and assayed in the 
buffer indicated. Inset, shows the same time-courses from 0 to 10 seconds.
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3.2 .2  S y n e c h o c o c c u s  M n 2+-r u b isc o  lu m in e sc e n c e
Similar to the response of the spinach enzyme from preparation B, the reaction course for 
Synechococcus  Mn2+-rubisco luminescence in EPPS and Tris buffers followed a 
biphasic approach to the maximum (Figure 3.2). The initial phase lasted for 
approximately 1 s (Figure 3.2 inset). Again, the rate of rise in luminescence intensity 
was slowest in Tris; and over time, the activity in Tris approached that of the EPPS- 
buffered reaction.
Figure 3.2 Time-courses for MrF+-activated Synechococcus rubisco luminescence in different buffers. 
Reactions were initiated by injection of 0.147 nmol rubisco sites (preactivated at room temperature for 30 
minutes in the presence of 25 mM buffer, 0.1 mM Na2EDTA, 2 mM DTT, 2 mM MnCl2 and 40 mM 
N aH C 03, pH 8.2) into a solution containing 25 mM buffer, 0.1 mM Na2EDTA, 2 mM MnCl2, 800 pM 
NaHC03 (carried over with activated enzyme), 40 pM DTT (carried over with activated enzyme) and 100 pM 
RuBP at 25 °C to give a final volume of 500 pi. Inset, shows the time-courses from 0 to 5 seconds.
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3.2.3 R h o d o s p i r i l l u m  r u b r u m  M n 2+-r u b isco  lu m in e sc e n c e
The luminescence for R.rubrum  rubisco was markedly different from that for the LsSs 
rubiscos from spinach and Synechococcus. When assayed in EPPS the initial rise peaked 
within 0.25 s of adding of activated rubisco to initiate catalysis (Figure 3.3 inset). This 
was followed by a decline in intensity (Figure 3.3). Within the first 2 s the intensity 
decreased to about 60 %, and by 120 s it was approximately 20% of the 0.25 s peak 
signal. The measurement at 0.25 s represents the most rapid response time achievable 
with the luminometer used (time-constant of 0.1 s), and it is possible that the maximum 
intensity was reached earlier than this.
Figure 3.3 Time-courses for Mn2+-activated R.rubrum rubisco luminescence. Reactions were initiated by 
injection of 99.0 pmol rubisco sites (preactivated at room temperature for 30 minutes in the presence of 25 
mM buffer, 0.1 mM Na2EDTA, 2 mM DTT, 2 mM MnCl2 and 40 mM NaHC03, pH 8.2) into a solution 
containing 25 mM buffer, 0.1 mM Na2EDTA, 2 mM MnCl2 , 800 pM NaHC03 (carried over with activated 
enzyme), 40 pM DTT (carried over with activated enzyme) and 100 pM RuBP at 25 °C to give a final 
volume of 500 pi. Inset, shows the time-course from 0 to 3 seconds.
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The intensity of the luminescence for R.rubrum rubisco in Tris buffer was approximately 
twice the intensity for the same enzyme in EPPS, although the rate of the decline from the 
peak intensity (at 0.25 s) in Tris and EPPS was similar. The increased luminescence 
observed for R.rubrum rubisco assayed in Tris occurred even when the enzyme was pre­
activated in EPPS (data not shown).
The luminescent activity of R.rubrum rubisco activated and assayed in the presence of 
tricine was approximately 25 % that measured in EPPS (data not shown) which is 
consistent with the data of Lilley et al. (1993).
3.2.4 Comparison of luminescence intensity and oxygen uptake rate
An influence of reaction buffer was also evident when the oxygen consumption catalysed 
by spinach Mn2+-rubisco in EPPS was compared (over 120 s) with the same activity in 
Tris (Figure 3.4A). A plot of the integrated luminescence intensity1 for spinach rubisco 
(Figure 3.4B) shows a similar trend to the oxygenase activity.
A comparison of the luminescent activity in each buffer was obtained by dividing the 
integrated intensity (at time intervals over 120 s) for spinach Mn2+-rubisco assayed in 
EPPS by the value for the Tris-buffered reaction (Figure 3.4C). This allows the relative 
effect of each buffer on luminescence to be compared to the effect on oxygen uptake. The 
relationship calculated for the amount of oxygen consumed is directly comparable to the 
luminescence data.
Similarly, the buffer-related variations in luminescence observed for Mn2+-rubisco from 
Synechococcus (Figure 3.5) and R.rubrum (Figure 3.6) could also be related directly to 
changes in oxygen uptake.
1 The oxygen content was plotted in preference to the rate of oxygen consumption to avoid errors 
associated with estimating the slope of the oxygen electrode reaction trace at different times. It was 
assumed that integrating the luminometer signal provides a direct comparison with the amount of oxygen 
consumed at a particular time.
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A comparison of the specific oxygen uptake rate with specific luminescence intensity (at 
60 s) for different Mn2+-rubiscos is shown in Table 3.1. Correlation factors which 
quantify the relative intensity of the luminescence and rate of oxygen uptake are included. 
Spinach rubisco emitted around 1.9 times more light per oxygenase turn-over than 
Synechococcus rubisco and 3.4 times that of R.rubrum  (using the values for reactions 
buffered with EPPS).
3.2.5 Effects of Tris and EPPS on Mn2 + -activated R .rubrum  rubisco 
14C 0 2 fixation.
Measurement of 14C 0 2 fixation rates for Mn2+-activated R.rubrum rubisco revealed an 
influence of Tris and EPPS comparable to that observed for the rate of oxygen uptake 
catalysed by the same enzyme in these two buffers (Table 3.2).
3.2.6 Rubisco luminescence in oxygen-free reaction conditions
Mn2+-activated R.rubrum  rubisco luminescence was completely extinguished in the 
presence of protocatechuic acid/protocatechuate dioxygenase oxygen-trapping (Figure 
3.7A). Reactions were performed under a constant flow of N2, however, the open 
cuvette design prevented complete removal of oxygen by this means and the signal could 
only be reduced to about 25 % of the intensity in 0 2 saturated buffer. A similar result 
was obtained for spinach rubisco luminescence (data not shown). In this reduced 0 2 
concentration the intensity of the maximum R.rubrum rubisco emission was decreased by 
the same extent as the intensity recorded at 20 seconds. When protocatechuic acid (100 
pM) was added to 0 2-saturated reactions in the absence of protocatechuic acid, some 
reduction in luminescence intensity (relative to a control which contained no 
protocatechuic acid) was observed over time (Figure 3.7A). However, the extent of the 
inhibition represents only a minor fraction of that observed over the same time period
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when both protocatechuic acid and protocatechuate dioxygenase were present. Complete 
oxygen consumption by the protocatechuate dioxygenase reaction was confirmed using 
an oxygen electrode (Figure 3.7C).
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Figure 3.4 A comparison of Mn^+-activated spinach rubisco catalysed oxygen uptake with luminescence 
intensity in different buffers. A, amount of oxygen consumed in a reaction mixture containing Mn^+- 
activated spinach rubisco over two minutes. Spinach rubisco was activated and assayed in buffers containing 
either EPPS or Tris as described for Figure 3.1. The oxygen concentration in the reaction mixture was 
measured polarographically (Section 2.2.2) over two minutes. B, integrated luminescence intensity 
(calculated from data shown in Figure 3.1). C, relative effect of the two buffers on the integrated 
luminescence intensity and oxygen uptake expressed as a ratio of the activity in the presence of EPPS to the 
activity in Tris.
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Figure 3.5 Comparison of Mn2+-activated Synechococcus rubisco catalysed oxygen uptake with 
luminescence intensity in different buffers. A, Oxygen uptake rate for Synechococcus rubisco activated 
and assayed in buffers containing either EPPS or Tris as described for Figure 3.2. B, The integrated 
luminescence intensity (calculated from the data shown in Figure 3.2). C, The effect of buffer on the 
integrated luminescence intensity and oxygen uptake expressed as a ratio of the activity in the presence of 
EPPS to that in Tris.
Figure 3 .6  Comparison of Mn2+-activated R.rubrum rubisco catalysed oxygen uptake with 
luminescence intensity in different buffers. A, Oxygen uptake catalysed by R.rubrum Mn2+-rubisco 
activated and assayed in buffers containing either EPPS or Tris (as described for Figure 3.3). B, The 
integrated luminescence intensity (calculated from data shown in Figure 3.3). C, The effect of buffer on 
the integrated luminescence intensity and oxygen uptake expressed as a ratio of the activity in the 
presence of EPPS to that in Tris.
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Table 3.1 Luminescence intensity and oxygen uptake rates for different Mn2+-activated rubiscos. Values 
for the luminescence intensity at 60 seconds (millivolts/nmol sites) and Mn2+-rubisco oxygen uptake rate at 
60 seconds (nmol 02/min/nmol sites) are taken from the reaction time-courses shown in this chapter. The 
correlation factor was obtained by dividing the luminescence intensity by the oxygen uptake rate. For 
R.rubrum  rubisco luminescence the intensity at 60 seconds (**) and the initial (0.25 s) maximum emission 
(*) is shown and correlation factors were calculated using both values.
Enzyme Buffer Luminescence 
(mV.nmol sites' )̂
Oxygen Uptake
(nmol 02.nmol sites'1. 
min1)
Correlation Factor 
(mV.nmol 02' .̂min)
Spinach ECMn Tris 54.0 ± 3.2 12.7 ± 1.1 4.3
EPPS 61.2 ± 2.3 13.9 ± 1.7 4.5
R.rubrum ECMn Tris 152.2 ± 9.4 *
112.2 ± 8.8 ** 69.8 ± 5.5 1.6
EPPS 98.5 ± 2.8 *
52.8 ± 2.5 ** 38.7 ± 0.7 1.3
Synechococcus Tris 62.2 ± 3.9 23.3 ± 3.6 2.7
ECMn EPPS 73.0 ± 7.1 29.9 ± 1.7 2.4
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Table 3.2 Influences o f Tris and EPPS on Mn2+-activated R.rubrum carboxylase and oxygenase activities. 
Rates o f 14CC>2 fixation and oxygen consumption were determined for identical reaction mixtures. Catalysis 
was initiated with an addition o f R.rubrum  rubisco (0.148 nmol sites preincubated in 25 mM K+/EPPS, 0.1 
mM Na2EDTA, 2 mM MnCl2, 40 mM NaHC03, and 100 pM RuBP at pH 8.1 and room temperature for 30 
minutes) to a solution containing 25 mM of buffer, Na2EDTA, 2 mM MnCl2, 20 mM N aH C 03, and 200 
pM RuBP at pH 8.1 and 25 °C. Oxygen uptake rates were determined polarographically. For the 
carboxylase assays NaH14C03 was included in the reaction mixture (16.7 Bq/nmol). 14C 02 fixing activity 
was determined by measuring the amount o f acid-stable radioactivity in the reaction at 60 seconds using the 
procedure described in Section 2.2.3.
R.rubrum  ECMn catalysed 14CC>2 fixation and O2 uptake rates 
(nmol.nmol sites'^ .min'
Tris EPPS Ratio EPPS/Tris
(% )
O2 uptake rate 37.1 ± 1.6 27.1 ± 1.4 73.1
14CC>2 fixation rate 36.9 ± 1.3 29.1 ± 2.5 78.9
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R.rubrum rubisco luminescence in presence of 
protocatechuate dioxygenase 0 2  trap
O  No protocatechuate dioxygenase 
□  100 pg protocatechuate dioxygenase at 40 s 
•  Dioxygen trap added prior to assay
F igu re 3 .7 . Rubisco luminescence in 02-free reaction conditions. A, The effect of including 
protocatechuic acid dioxygenase/protocatechuic acid in a rubisco reaction. Reactions were performed as 
described in Section 2.2.4. "N2-equilibrated" refers to reactions continuously flushed with N2 (see Section 
2.2.4). Luminescence intensity was measured as described in Section 2.2.1. 100 ¡xM of protocatechuic acid 
was added at 30 seconds, followed by an addition of 0.1 mg of protocatechuic acid dioxygenase at 40 s. 
Control assays contained 100 [xM of protocatechuic acid (added at 30 s) but no protocatechuic acid 
dioxygenase. The effect of adding the protocatechuic acid dioxygenase 0 2 trap to the reaction 60 seconds 
prior to initiating catalysis is also shown. B, The influence of 100 ¡xM protocatechuic acid on the time- 
course for R.rubrum rubisco luminescence in the presence of a saturating and sub-saturating ("N2- 
equilibrated") 0 2 concentration. Controls were performed using a saturating 0 2 concentration to which no 
protocatechuic acid was added. Reaction conditions were otherwise as described for A. C, Oxygen 
consumption catalysed by protocatechuic acid dioxygenase. Reaction conditions are described in Section 
2.2.4.
86
3.3 DISCUSSION
3.3.1 Mn2+-rubisco activity was variable in different buffers
Effects on Mn2+-activated rubisco luminescence were evident when different reaction 
buffers were used (Figures 3.1, 3.2 and 3.3). However, consistent with the findings of 
Lilley et al. (1993), the luminescence was linearly related to rubisco oxygenase activity 
(data not shown). Comparing luminescence and oxygen uptake (Figures 3.4, 3.5, 3.6) 
shows that these effects can be correlated with changes in Mn2+-rubisco oxygenase 
activity.
The relatively slow approach to the maximum signal for the LsSs rubiscos from spinach 
and Synechococcus may be the result of a reversible inhibition of Mn2+-rubisco activity 
by the presence of some species which interacts weakly with the Mn2+-rubisco active 
site, such as inorganic phosphate or bicarbonate anion2. In such a situation the initial, 
rapid phase (approximately 1 s for Synechococcus rubisco and 3 s for spinach rubisco) 
would be determined by the kinetics of RuBP binding to available ECMn active sites and 
the kinetics of the approach to a steady-state oxygenase activity. The second phase, in 
which the rate increases more slowly to reach a maximum, would reflect the kinetics of 
the displacement of the inhibitor(s) by RuBP.
The different initial kinetics for luminescence (0 to 30 s) for preparation A and B of 
spinach rubisco (Figure 3.1) cannot be explained conclusively. However, if prep. B 
contained a greater concentration of residual phosphate ion, the observations would be 
consistent with the above explanation.
After 120 s of catalysis, the intensity of luminescence by spinach and Synechococcus 
rubisco was similar for all buffers. In contrast to the LsSs Mn2+-rubiscos, R.rubrum
2 Purified rubiscos were stored in a buffer containing 10 mM sodium phosphate
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Mn2+-rubisco activity was highest when assayed in Tris buffer (Figure 3.3), irrespective 
of whether it was pre-activated in EPPS or Tris. The differences between EPPS and Tris 
for R.rubrum  Mn2+-rubisco luminescence, oxygenation (Figure 3.6, Table 3.1) and 
carboxylation (Table 3.2) were comparable. The value for R.rubrum  Mn2+-rubisco 
oxygenase measured in Tris of 69.8 nmol C>2.m in-1.nmol sites '1 (Table 3.1), is 
significantly higher than the previously published value of 28.6 nmol 02.min-1.nmol 
sites-1 (Martin and Tabita, 1981).
After considering different effects on a range of Good buffers, EPPS was chosen as the 
most suitable for routine measurement of Mn2+-rubisco activity. This choice represents a 
compromise. Although R.rubrum Mn2+-rubisco was most active when assayed in Tris, 
this buffer was excluded on the basis of its observed reactivity in the presence of Mn2+ 
(Section 4.3.4) and the particularly slow approach to a maximum seen for LsSs Mn2+- 
rubisco activity. Tricine was excluded because of low R.rubrum Mn2+-rubisco activity 
and evidence of reaction(s) involving bicarbonate and Mn2+ in its presence (Section 
4.3.2). Further investigation into the influence of various pre-activation and reaction 
buffer components on Mn2+-rubisco catalysis is reported in Chapter 4.
3.3.2 Relationships between pre-steady state kinetics for Mn2+-rubisco 
luminescence and oxygenase turn-over
For spinach and Synechococcus rubisco the oxygenase rates measured (in EPPS buffer) 
60 s after initiating catalysis were 13.9 and 29.9 nmol 02.min-1.nmol sites-1, respectively 
(Table 3.1). A competitive inhibition by CO2 (present as dissolved atmospheric CO2 in 
the air-equilibrated reactions and carried over with pre-activated enzyme)3 means that the 
actual values of Vmax for Mn2+-rubisco oxygenase would be slightly higher than these 
figures. Nevertheless, the data provides maximum estimates of 4.3 s for spinach, and
3 Typical estimates for the total dissolved concentration of CO2 carried over into reactions with pre­
activated rubisco and in equilibrium with atmospheric CO2 are 16.0 pM and 29.2 pM, for spinach and 
R.rubrum rubisco reactions, respectively. See Appendix 1 for calculations.
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2.0 s for Synechococcus Mn2+-rubisco oxygenase turn-over times. The time taken for 
the maximum luminescence to be reached for spinach Mn2+-rubisco assayed in a tricine 
buffer (Figure 3.1, prep. A), and the duration of the initial phase for spinach (prep. B) 
and Synechococcus Mn2+-rubisco luminescence observed in EPPS and Tris buffers are 
comparable with these values. This suggests that the light-emitting event is coupled to an 
event in the rubisco oxygenase reaction sequence that either follows or coincides with the 
slowest step, which is consistent with the conclusion made for spinach rubisco 
luminescence by Lilley et al. (1993).
The luminescent time-course for Mn2+-rubisco from R.rubrum  differed substantially 
from that of the LsSs enzymes (Figure 3.3). The early occurrence of a maximum (within 
0.25 seconds of initiating catalysis) compared to oxygenase turn-over (a value of 1.6 s 
can be estimated from the 60 second reaction rate in EPPS shown in Table 3.1) led Lilley 
et al. (1993) to speculate that the light emission generated by R.rubrum rubisco precedes 
the slowest step in the oxygenase reaction sequence. Assuming that the same partial 
reaction is responsible for the luminescence produced by these rubiscos, this conclusion 
would indicate that a different step is rate-limiting in the reaction sequences of the L2 and 
the LsSs enzymes. However, an alternative interpretation of the initial R.rubrum rubisco 
luminescent response is that the rapidly reached maximum intensity and the post-0.25 
second decay of light intensity are the result of an oxygenase rate for R.rubrum  Mn2+- 
rubisco which is more rapid than previously estimated (kcat 0-48 s_1, Martin and Tabita, 
1981) combined with inactivation which commences before the initial oxygenase turn­
over is complete. Further investigation of the initial response (0 to 2 s) for R.rubrum  
Mn2+-rubisco luminescence is addressed in Chapter 4.
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3.3.3 Further evidence for dependence of the luminescent reaction on 
rubisco oxygenase activity
The dependence of the luminescence from spinach (data not shown) and R.rubrum  
rubisco (Figure 3.7) on the presence of oxygen was confirmed by including 
protocatechuic dioxygenase-protocatechuic acid O2 trap in reaction mixtures. This agrees 
with the findings of Lilley et al. (1993) using spinach rubisco and a glucose oxidase 
oxygen trap.
The R.rubrum  rubisco maximum emission (0.25 - 0.5 s) and the intensity at 20 s were 
reduced by the same extent in a concentration of O2 that was sub-saturating for rubisco 
luminescence (Figure 3.7B). This is significant, since it indicates that the initial 
maximum is a result of the same mechanism which sustains the continuous emission of 
light associated with rubisco catalysis, rather than being related to some other light- 
emitting process.
3.3.4 The relationship between Mn2 + -rubisco luminescence and 
oxygenase activity for enzymes from different organisms
The correlation factor for the intensity of the emission relative to the rate of oxygen 
consumption is compared in Table 3.1. Spinach rubisco emits about 3.5 times as much 
light per oxygenase turn-over than R.rubrum rubisco; for the Synechococcus enzyme the 
correlation factor is 1.3 times the value for R.rubrum rubisco.
It seems reasonable to speculate that structural features which produce the kinetic 
properties distinctive to each of the enzymes included in this study may also result in 
changes to the amount of light emitted relative to the oxygenase activity. The weak 
intensity of the luminescence suggests that the emission occurs with very low quantum
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efficiency (Lilley et al. (1993) estimated between 10'7 to 10'9 photons/rubisco turnover). 
This implies that slight variations in quantum yield, in absolute terms, could cause 
detectable changes to the correlation factor. This possibility alone suggests that the use of 
Mn2+-rubisco luminescence for studying the catalysis of different rubiscos, particularly 
mutant enzymes, is best applied in conjunction with measurements of oxygen uptake, 
rather than as an alternative assay. Lee et al. (1993) reported variations in the ratio of 
emitted light to oxygen uptake for Anacystis nidulans rubiscos with site-directed 
mutations at Leu332 (corresponding to Leu335 of spinach rubisco) ranging from 
approximately 1 to 380 % of the ratio measured for the wild-type enzyme. In contrast, 
the correlation factors determined for the rubiscos in this study were well within an order 
of magnitude of each other.
CHAPTER FOUR
CHARACTERISATION OF THE INFLUENCE OF REACTION 
COMPONENTS ON Mn2+-ACTIVATED RUBISCO LUMINESCENCE
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4.1 INTRODUCTION
Rubisco luminescence has the potential to allow the rapid kinetics of rubisco catalysis to 
be studied with unprecedented ease. The early part of the time-courses for spinach, 
Synechococcus and R.rubrum  rubisco luminescence appear to correlate with kcat for 
oxygenase turn-over (Chapter 3). However, significant variations in luminescence 
occurred for rubiscos from different species and when different reaction buffers were 
used. Comparable changes to Mn2+-rubisco oxygenase activities were also observed. A 
better understanding of these variations, particularly in the initial few seconds of catalysis 
is clearly a pre-requisite to applying luminescence to the study of pre-steady-state 
kinetics.
The aim of the work described in this chapter was to use luminescence to characterise the 
influences of reaction components on Mn2+-activated rubisco catalysis. The variable 
nature of the biphasic approach to a maximum emission for spinach and Synechococcus 
rubisco luminescence was examined. The rapid decline in intensity between 0 and 2 s, 
which is characteristic of the luminescence emitted by the R.rubrum  enzyme was also 
investigated. The results in this chapter offer an explanation for these effects and provide 
some understanding of the reactivity of Mn2+ in solution. Also, implications with regard 
to Mn2+-rubisco catalysis are discussed.
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4 .2  R E S U L T S
4 .2 .1  In flu e n c e  o f  R u B P  c o n c e n tr a tio n  on M n 2+ -r u b is c o  lu m in e s c e n c e  
t im e - c o u r s e s .
The tim e-courses for spinach rubisco lum inescence were affected when RuBP 
concentration was varied (Figure 4.1). Increasing RuBP concentration in EPPS buffer 
caused the maximum emission to be reached earlier. However, the emission at 3 seconds 
remained relatively unaltered by changing RuBP concentration.
Figure 4.1 The effect of RuBP concentration on time-courses for spinach Mn2+-rubisco luminescence. 
Pre-activation and reaction conditions were as described for Figure 3.1 (EPPS), with the exception that 
RuBP concentration was varied as indicated.
Varying RuBP concentration to a similar extent (between 10 pM and 200 pM) in 
reactions containing R.rubrum  rubisco had no effect on the maximum intensity of the 
luminescence or the extent of decline observed over 120 seconds (data not shown).
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4.2.2 In flu en ces o f  M n C l2 con cen tration  on rub isco  lum inescence
Varying the concentration of MnCl2 (between 1 and 4 mM) used for spinach rubisco pre­
activation had only a minor influence on luminescence time-courses measured in 2 mM 
MnCl2 (data not shown). No difference in luminescence activity (in assays with 2 mM 
MnCl2) was seen when Synechococcus and R.rubrum  rubiscos were pre-activated in 
MnCl2 concentrations ranging from 0.5 mM to 10 mM (data not shown).
[MnCl2] in reaction (mM) Time (seconds)
Figure 4.2. Influences of reaction mixture MnCl2 concentration on Synechococcus Mn2+-rubisco 
luminescence. Reactions were performed as described for Figure 3.2 (EPPS), with the exception that 
the MnCl2 concentration in reactions was varied as indicated. A, shows the influence of MnCl2 on the 
intensity of the maximum emission and the 120 second emission. B, shows reaction time-courses in 
different MnCl2 concentrations.
However, significant changes in rubisco luminescence were observed when the 
concentration of MnCl2 in reaction buffers was varied. The maximum emission for 
Synechococcus Mn2+-rubsico luminescence was reduced in reactions that contained less 
than 0.5 mM MnCl2 (Figure 4.2A). The lower intensity at 120 seconds for reactions 
containing less than 5 mM MnCl2 is related to a more rapid decline in activity after the
95
maximum had been reached (Figure 4.2B). Increasing M nCh also delayed the time at 
which the maximum occurred.
The effect of varying MnCh concentration in reactions was also determined for R.rubrum 
Mn2+-rubisco luminescence (Figure 4.3). These time-courses for R.rubrum  rubisco 
luminescence suggest that increasing MnCl2 concentration in the assay alleviated a 
decline in activity (from the initial maximum), rather than directly enhancing 
luminescence intensity1.
Figure 4.3 Effect of reaction mixture MnCl2 concentration on R.rubrum Mn2+-rubisco  
luminescence. Pre-activation and reaction conditions were as described in the legend to Figure 3.3 
(EPPS), except that the MnCl2 concentration was varied as indicated. Inset, the same time-courses 
from 0 to 3 seconds.
Increasing MnCl2 enhanced the intensity of the luminescence recorded at 2 and 60 
seconds but had very little effect on the maximum emission (Figure 4.4A).
1 Activities for Mn2+-rubisco from R.rubrum when assayed in 25 mM Tris exceeded those for reactions 
in EPPS (see Chapter 3). However, increasing MnCl2 concentration had an identical influence on 
luminescence as that described here for reactions performed in EPPS.
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The trend for the rate of R.rubrum  Mn2+-rubisco oxygen uptake with respect to M nC ^ 
concentration (Figure 4.4B) was similar to that observed for the intensity of the 
luminescence at 60 seconds.
Expressing the signal measured at 2 seconds (I2) as a ratio of the maximum (Imax) shows 
the extent to which the initial rapid decline in intensity was alleviated by increasing 
M nCl2 (Figure 4.4C). For example, in 2 mM MnCl2 , the value for 12/Imax was 0-55 
compared to 0.85 in 10 mM MnCl2-
Including 16 mM KC1 in a reaction containing 2 mM M nCl2 had no effect which 
confirmed that the influence of increased MnCl2 was related to the concentration of 
divalent manganese rather than chloride ion (data not shown).
The effect of varying MnCl2 concentration (2 and 10 mM compared) on the amount of 
oxygen consumed over a 5 minute reaction for R.rubrum  Mn2+-rubisco (Figure 4.5A) 
was similar to that determined for the integrated luminescence intensity in identical 
conditions (Figure 4.5B). The ratio of the oxygenase activities (between 30 seconds and 
5 minutes) in each MnCl2 concentration (2 and 10 mM) was the same as that determined 
for the integrated luminescence intensity (Figure 4.5C).
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Figure 4.4. The effect of reaction mixture MnCl2 concentration on R.rubrum Mn2+-rubisco 
activity. Reactions were performed as described for Figure 4.3. A, relationships for the maximum 
luminescence intensity, the intensity at 2 s and that at 60 s. B, the effect of MnCl2 concentration on 
the oxygen uptake rate measured at 60 s. C, the influence of MnCl2 on the ratio the intensity at 2 s 
(I2) and the maximum emission (Imax).
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Figure 4.5. Comparison of Mn2+-activated R.rubrum rubisco oxygen uptake with integrated 
luminescence intensity for reactions containing 2 mM and 10 mM MnCl2. Reactions were performed 
as described for Figure 4.4. A, oxygen uptake measured using an oxygen electrode. B, integrated 
luminescence intensity measured for reactions identical to those in A. C, the effect of MnCl2 
concentration on the integrated luminescence and oxygen uptake expressed as a ratio of the activitiy in 
2 mM MnCl2 to that in 10 mM MnCl2 .
99
4 .2 .3  D e te r m in a tio n  o f  R . r u b r u m  M n 2 + -r u b is c o  lu m in e s c e n c e  u s in g  
ser ia l a d d itio n s  o f  sm all a m ou n ts o f  R uB P .
The response of R .rubrum  rubisco luminescence to successive additions of small 
amounts of RuBP is shown in Figure 4.6. Catalysis was initiated by adding pre­
activated rubisco to a mixture containing 2 mM MnCl2 , 0.4 mM bicarbonate (carried over 
with enzyme) and a small amount of RuBP (1.3 nmoles). The amount of rubisco was 
sufficient to completely consume the substrate within a few minutes. Consistent with the 
enzyme running out of substrate, the luminescence commenced a decline to zero intensity 
after about 80 s of reaction. The particularly rapid loss in activity most likely reflects the 
low K m(RUBP) for R.rubrum  Mn2+-rubisco luminescence (0.59 jiM, R. MCC. Lilley, 
unpublished data). When the signal reached zero a further addition of RuBP was made. 
Following this, when the activity reached zero again, a third aliquot was added.
Figure 4.6 Response of R.rubrum Mn^+-rubisco luminescence to successive additions of RuBP. 
Luminescence was initiated by automated injection 0.104 nmol rubisco sites (pre-activated in 25 mM 
EPPS as for Figure 4.3) to a 500 ptl reaction containing 25 mM EPPS/K+, 0.1 mM Na2EDTA, 2 mM 
M nCl2 , 0.4 mM NaHCC>3 (carried-over with activated enzyme) and 1.3 nmoles RuBP. Further 
additions of RuBP (1.3 nmoles in 20 pi) were made using automated injection at about 150 s and 300 
s.
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Upon each addition of RuBP, the intensity of the peak was lower than the previous 
maximum (Figure 4.6). The magnitude of the second and third maxima, successively, 
were reduced to about 80 % and 65 % of the initial peak. The maximum was reached 
between 0.5 and 0.75 seconds and a rapid decline lasting for approximately 2 seconds 
was evident for the three serial additions of RuBP.
Increasing MnCl2 concentration in the reaction alleviated the 2 second decline of the 
maximum for each successive initiation of luminescence (Figure 4.7). In 2 mM and 10 
mM M nCl2 , the ratio of luminescence intensities measured in the first 10 seconds 
following each addition of substrate were identical (Figure 4.8).
° 2 mM MnCl2 •  10 mM MnCl2
Time (seconds)
Figure 4.7 Influence of MnCl2 concentration on the initial response of R.rubrum Mn2+-rubisco 
luminescence upon successive additions of RuBP. Reaction conditions were as described for Figure 
4.6, except where 10 mM instead of 2 mM MnCl2 was used. A, The initial 5 s after initiating 
catalysis by adding activated enzyme. B, after adding a second aliquot of RuBP 146 s. C, after a third 
RuBP addition at 291 s .
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Figure 4.8 Effect of MnCl2 concentration on the initial response of R.rubrum Mn2+-rubisco 
luminescence upon successive additions of RuBP, expressed as the ratio of R.rubrum Mn2+-rubisco 
luminescence intensities measured in 2 mM and 10 mM MnCl2. Data was obtained from the same 
reactions shown in Figure 4.7. A, The initial 10 s after initiating catalysis by adding activated 
enzyme. B, after adding a second aliquot of RuBP at 146 s. C, after a third RuBP addition at 291 s .
4 .2 .4  E ffec ts  o f  v a ry in g  NaHCC>3 co n cen tra tio n  in R . r u b r u m  M n 2 + - 
ru b isco  rea ctio n s.
The effect of NaHC0 3  concentration on R.rubrum  Mn2+-rubisco luminescence was 
determined (Figure 4.9). The maximum emission (Imax) decreased as the bicarbonate 
concentration was increased from 0.8 to 10 mM. However, further reductions in activity 
above 10 mM NaHC0 3  were only slight. Increasing bicarbonate had very little effect on 
the emission at 60 s (Iôo).
4 .2 .5  N on -en zym ic  M n 2+-rela ted  com p lex  form ation  an d /or reaction s in 
ru b isco  reaction  b uffers
Addition of MnCl2 to solutions containing Tris immediately produced a faint browning 
and over time (>24 hours) a black precipitate was observed. Figure 4.10 reveals 
differences between the absorbance spectra of buffers containing 2 mM and 10 mM 
MnCl2 - An increase in absorbance between 400 and 650 nm was observed over time for 
the buffer containing 10 mM MnCl2 (about three times the absorbance of buffer
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containing 2 mM MnCl2 at 400 nm). However, the region corresponding to the Mn^+ 
concentration-related increase in absorbance was outside the 600 to 800 nm range for the 
rubisco luminescence (Lilley et al., 1993; Section 1.4.1). Similarly, a straw-yellow 
colour was observed for tricine reaction buffers. This colour formation in reaction 
mixtures with tricine (left for up to 1 hour) required the presence of both MnCl2 and 
NaHCC>3 . No colouration occurred when any of these components was absent (data not 
shown).
Figure 4.9 Effect of varying NaHC03  concentration in reactions on R.rubrum Mn2+-rubisco 
luminescence. The luminescence intensity at 60 seconds (I^o) and the maximum (Imax) are shown. 
Inset, shows the inverse of the luminescence intensity with respect to the concentration of NaHCC>3 in 
the assay.
Including 2 mM DTT in rubisco pre-activation mixtures resulted in a concentration of 40 
pM being carried over into reaction mixtures (with a 10 pi aliquot of activated rubisco). 
This concentration was shown to be sufficient to generate detectable rates of oxygen 
uptake in the absence of RuBP and rubisco. The effects of MnCl2 concentration and pH 
on the rate of oxygen consumption measured upon addition of DTT to EPPS and Tris 
buffers are summarised in Table 4.1.
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Oxygen consumption was not detected when 40 pM DTT was added to a solution of 10 
mM MnCl2 in milliQ water. The reaction was dependent upon the presence of EPPS and 
increased rates were associated with higher MnCl2 concentrations. Furthermore, a DTT- 
dependent increase in oxygen consumption accompanied an increase in reaction pH from
8.0 to 8.6.
Oxygen consumption in Tris buffers was dependent only upon the presence of M nCh, 
although adding DTT significantly enhanced the rate.
4.2.6 Evidence for a pH-dependent reaction related to the presence of 
Mn2+ in rubisco reaction buffer
The background (non-enzymic) rate of oxygen uptake observed when activated rubisco 
was added to buffers in the absence of RuBP was shown to be dependent upon the 
presence of DTT (Table 4.1). The pH dependence for this oxygen consuming reaction 
shows a significant rate enhancement above pH 8.1 (Figure 4.11).
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Figure 4.10. Absorbance of Tris-based Mn2+-rubisco reaction buffers. Absorbance spectra were 
measured using a Varian Cary 210 spectrophotometer for 1 ml solutions contained in a quartz cuvette 
against a background of milliQ water, a, 25 mM Tris-Cl, 40 p-M DTT, 0.8 mM NaHCÛ3, 2 mM 
MnCl2, 100 pM RuBP, pH 8.1. b, 25 mM Tris-Cl, 40 pM DTT, 0.8 mM NaHC03, 10 mM MnCl2, 
100 pM RuBP, pH 8.1. C, repeat scan of b after 15 minutes.
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Table 4.1 Effects o f pH, M11CI2 and DTT on an oxygen consuming reaction in Mn-rubisco reaction 
buffers in the absence o f RuBP and rubisco. Reactions were initiated by a 10 pi addition o f a rubisco 
activation buffer (containing 25 mM K+/EPPS, either 2 mM DTT (A) or no DTT (B), 40 mM 
N aH C 03, 2 mM MnCl2, pH 8.2, incubated at room temperature for 30 minutes, with no rubisco 
added) to a final reaction volume o f 500 pi. Final concentration o f DTT in the assays was either 40 
pM (A) or zero (B). A  NaHCC>3 concentration of 0.8 mM was carried over into the reactions with the 
10 pi addition. Other reaction conditions were as indicated in the table.
Oxygen consumption rates in a 500 pi reaction mixture (nmol 0 2/min)
R eaction C onditions A: 40 pM DTT B: No DTT DTT-dependent 
ie. (A -B )
h 2o
2  mM  M nCl2 not detectable1 not detectable 0
10 mM  M nCl2 not detectable not detectable 0
25 mM  EPPS
pH 8.0; 40  pM  M nCl2 not detectable not detectable 0
pH 8.0; 2 mM M nCl2 0.66 ± 0.06 not detectable 0.66
pH 8.0; 10 m M  M nCl2 1.60 ± 0.15 0.15 ± 0.04 1.45
pH 8.6; 2 mM M nCl2 2.53 ± 0.13 not detectable 2.53
25 mM Tris
pH 8.0; 4 0  pM  M nCl2 0.73 ± 0.13 not detectable 0.73
pH 8.0; 2  mM  M nCl2 1.93 ± 0.05 0.57 ± 0.09 1.36
pH 8.0; 10 mM  M nCl2 2.53 ± 0.18 1.45 ± 0.09 1.45
1 The lower limit for detection o f oxygen uptake using the oxygen electrode was estimated to be 0.05 
nmol 02/min in the 500 pi reaction. This represents a change of 0.2 % o f the O2 concentration o f air- 
saturated H2O (126.5 nmoles O2/5OO pi) occurring in 5 minutes.
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Figure 4.11 The effect of pH on a non-enzymic oxygen-consuming reaction in rubisco reaction 
buffer. Oxygen consumption was measured upon initiation of reactions by addition of 10 pi of pre­
activated spinach rubisco (a 0.726 pM solution of spinach rubisco active sites pre-activated in 25 mM 
K+/EPPS, 2 mM DTT, 10 mM NaHC0 3 , 2 mM MnCl2 , pH 8.2, incubated at room temperature for 
30 minutes) to 500 pi of a solution containing 25 mM K+/EPPS, 2 mM MnC^; RuBP was not 
included in the assay. 40pM DTT and 200 pM NaHC0 3  were carried-over with activated enzyme into 
the reaction mix.
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Figure 4.11 The effect of pH on a non-enzymic oxygen-consuming reaction in rubisco reaction 
buffer. Oxygen consumption was measured upon initiation of reactions by addition of 10 ptl of pre­
activated spinach rubisco (a 0.726 pM solution of spinach rubisco active sites pre-activated in 25 mM 
K+/EPPS, 2 mM DTT, 10 mM NaHC03, 2 mM MnCl2, pH 8.2, incubated at room temperature for 
30 minutes) to 500 pi of a solution containing 25 mM K+/EPPS, 2 mM MnC^; RuBP was not 
included in the assay. 40pM DTT and 200 pM NaHC0 3  were carried-over with activated enzyme into 
the reaction mix.
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4.3 DISCUSSION
4.3.1 RuBP concentration influences the initial kinetics of spinach Mn2+- 
rubisco luminescence.
Increasing RuBP concentration produced a more rapid approach to the maximum 
emission for spinach Mn2+-rubisco luminescence (Figure 4.1). This is consistent with 
the second of the two phases observed in the initial time-course reflecting the kinetics of 
the displacement by RuBP of an inhibiting species which is comparatively weakly-bound 
to the rubisco active-site (Section 3.3.1). This RuBP-dependence may explain the 
particularly slow increase to a maximum for the LsSs Mn2+-rubiscos assayed in Tris 
buffer. In the presence of oxygen Tris shows reactivity towards RuBP (T.J. Andrews, 
personal communication), which suggests that, compared to tricine and EPPS-buffered 
reactions, the concentration of free RuBP is significantly reduced in a Tris buffer. The 
particularly low Km(RUBP) for luminescence, 0.40 pM for spinach rubisco (Lilley et al., 
1993) and 0.59 pM for R.rubrum  Mn2+-rubisco (Lilley, unpublished data), indicates that 
it would be possible for a significant decrease in free RuBP concentration (the reactions 
typically contained 100 pM RuBP) to occur without reducing the maximum activity.
4.3.2 Increasing MnCl2 concentration slows the approach to the 
maximum emission for Synechococcus Mn2+-rubisco luminescence.
The effect of increasing MnCl2 on the time for the maximum emission to occur (Figure 
4.2) followed the same trend as that produced by decreasing RuBP concentration. This 
suggests that the increase in Mn2+ concentration may have reduced the amount of free 
RuBP in the reaction, possibly due to an interaction of RuBP with either free Mn2+ or a 
Mn2+ complex.
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4.3.3 Increasing MnCh concentration alleviates the initial, rapid decline 
in R.rubrum  Mn2+-rubisco luminescence.
The higher activity (luminescence and oxygen uptake) for R.rubrum  Mn2+-rubisco in 
increased manganese concentrations (Figures 4.3, 4.4 and 4.5) was clearly due to an 
alleviation of the decline in activity that occurred within the first 2 seconds of initiating 
catalysis.
Provided RuBP is present, the ECMn forms of spinach and Synechococcus Mn2+- 
rubisco appear to be stable in MnCl2 concentrations as low as 0.1 mM (Lilley et al., 
1993) and 0.5 mM (Figure 4.2), respectively. However, when assayed in manganese 
concentrations below 2 mM (used for activation), the maximum emission for R.rubrum  
M n2+-rubisco fell (Figure 4.4A). A similar trend was observed for the oxygenase 
activity at 60 s (Figure 4AB). This suggests that the Mn2+ ion has a lower affinity for 
the L2 rubisco active site compared to the LsSs enzymes. Therefore, it seems likely that 
the initial rapid decline in R.rubrum  rubisco activity reflects a loss of Mn2+ from the 
active, ECMn form.
Rubisco activation requires carbam ylation of Lys201 which is a reversible, rate 
determining reaction followed by divalent metal ion binding. The latter reaction is a 
spontaneous, but rapidly reversible process that stabilises the carbamate (Figure 1.3). 
However, evidence was obtained which suggests that decarbamylation is not the cause of 
the decline of R.rubrum  Mn2+-rubisco luminescence from 0.25 to 2 seconds. When a 
small amount of RuBP was completely consumed by R.rubrum  Mn2+-rubisco, the initial 
luminescent response upon addition of successive aliquots of RuBP still showed the 
characteristic peak followed by rapid decay (Figure 4.6). The peak signal generated upon 
the second and third additions exceeded the intensity at 2 s for the preceding addition. In 
the low concentration of CO2 present in the reaction (calculated to be about 20 pM, see
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Appendix 1) it seems unlikely that re-carbamylation can account for this apparent 
restoration of activity.
Observations of Lilley et al. (1993) were consistent with the carbamylated form of the 
R .rubrum  Mn2+-rubisco being more stable than that of the spinach enzyme. They 
showed that the spinach Mn2+-rubisco inactivates in the absence of bicarbonate by about 
10 % when pre-incubated for 10 s prior to adding RuBP and attributed this to 
decarbamylation. They concluded that a rapid, reversible equilibrium for the EC and the 
ECMn states would allow decarbamylation (generating the E state) to occur in a low 
concentration of bicarbonate. The addition of RuBP would inhibit the E form of rubisco 
and stabilise the ECMn form against further decarbamylation. The R.rubrum  enzyme, 
however, showed no inactivation when it was similarly pre-incubated in the absence of 
RuBP and bicarbonate (Lilley et al., 1993). That is, over a period of 10 seconds, in the 
absence of RuBP and in a low concentration of CO2 (sub-optimal for activation) this 
enzyme did not decarbamylate to a significant extent.
Excluding the possibility of decarbamylation, at least during the initial, rapid inactivation, 
of R.rubrum  Mn2+-rubisco further suggests that RuBP inhibits Mn2+ binding to the EC 
form of the enzyme. At a concentration of 2 mM, the affinity of the manganese ion for 
carbamylated R.rubrum  rubisco may be low enough for RuBP to perturb the equilibrium 
between the EC and the ECMn states by binding to the relatively stable EC state. Access 
of Mn2+ to its binding site would be blocked by the bound RuBP molecule. Increasing 
M nC h could be expected to favour ECMn formation at the expense of the formation of 
the EC-RuBP complex which would ameliorate the rapid inactivation (Figure 4.3). In the 
event of the RuBP being completely consumed the initial equilibrium (that existed prior to 
initiating catalysis) would be reinstated (Figure 4.6), although the lower activity observed 
upon the second and third additions of RuBP may indicate a degree of decarbamylation.
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4.3.4 Mn2 + forms catalytically-active complexes in Mn2 + - rubi s co  
reaction buffers.
Mn2+-dependent colour formation was observed in tris and tricine buffers. In the case of 
tricine the reaction also required the presence of bicarbonate. Manganese hydroxide 
complexes are subject to air oxidation, and a brown precipitate of MnC>2 often forms over 
time in slightly basic solutions (Cotton and Wilkinson, 1988).
Measurement of oxygen consumption in the presence of DTT provides further evidence 
for the formation of reactive species in tris or EPPS buffers which contain Mn2+. The 
oxygen uptake which occurred in tris buffer in the absence of DTT suggests that tris is 
oxidised in the presence of Mn2+. EPPS buffers containing 2 mM Mn2+ did not 
consume oxygen in the absence of DTT, nor did oxygen uptake occur upon the addition 
of DTT to milliQ H2O containing 10 mM Mn2+. This implies that the presence of both 
Mn2+ and EPPS are required for the oxidation of DTT occur.
The influence of pH on the rate of the Mn2+-dependent DTT oxidation (Figure 4.10) 
indicates a pH dependence for the formation of some reactive species derived from Mn2+ 
and EPPS.
Catalytic activity of Mn2+ in the presence of bicarbonate and other compounds has been 
previously characterised (Stadtman et al. 1990; Berlett et al., 1990; Yim et al., 1990). 
H2O2 disproportionating activity was demonstrated for bicarbonate buffers (25 mM 
HCO3-) containing Mn2+ (over a range of 10 to 100 ^iM). The reaction was inhibited by 
the presence of HEPES, inorganic phosphate and inorganic pyrophosphate (Stadtman et 
al., 1990). Catalysis of the oxidation of amino acids by H2O2 was also shown to occur, 
providing evidence for the occurrence of Fenton-type reactions in the presence of Mn2+, 
HCO3- and C 0 2 (Berlett et al., 1990). An involvement of free radical intermediates was 
also implicated (Yim et al., 1990).
I l l
This demonstrated reactivity of Mn2+ points to the possibility of similar chemistry 
occurring in rubisco activation and reaction buffers and may provide an explanation why 
the expected trend of competitive inhibition of R.rubrum  Mn2+-rubisco luminescence by 
increasing bicarbonate concentration (due to increasing carboxylation) was not observed 
(Figure 4.9). This may have been a result of the concentration of dissolved gaseous CO2 
being lower than expected (from the amount of HCO3" added to the reaction). The ratio 
of activities for R .rubrum  Mn2+-rubisco carboxylase and oxygenase measured in 
reactions with 20 mM NaHC03 added (Table 3.2) is consistent with this interpretation. 
The values of v j v 0 (see Section 1.2.4, Equation 1.4) calculated from this data were 1.0 
and 1.1 in Tris and EPPS, respectively. This infers that about 9.5 mM bicarbonate (see 
Appendix 2) was present in the solution, indicating that less than 50% of the bicarbonate 
added to the reaction exists in solution as the free anion.
CHAPTER FIVE
EFFECTS OF REACTION TEMPERATURE AND PH ON RUBISCO
LUMINESCENCE
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5.1 INTRODUCTION
The difficulties in understanding the kinetic differences between rubiscos from different 
species and for mutant rubiscos are largely due to the need to interpret a catalytic sequence 
which is comprised of multiple events and reaction intermediates (Section 1.2.2). The 
situation is further complicated by the fact that several of these events are competing 
alternatives. Much of the information regarding the kinetic variability of different 
rubiscos has been gained by identifying the products generated by these competing 
reactions and measuring the relative rates at which they are formed. Also methods have 
been developed which allow parts of the rubisco catalytic sequence to be followed 
individually, for example, the rate of rubisco-catalysed enolisation of RuBP (Sue and 
Knowles, 1982; Hartman and Lee, 1989) and the conversion of 3-keto-CABP to PGA 
(Schloss and Lorimer, 1982; Pierce et al., 1986). Studies of mutant rubiscos have to 
some extent been successful in identifying reaction events which are susceptible to change 
when certain active site residues are replaced (see Section 1.3.4.8).
For the luminescent reaction, distinctive characteristics of the initial response for spinach 
and R.rubrum  rubisco have been interpreted as indicating that different events are rate 
limiting for each enzyme (Lilley et a l, 1993). This conclusion, as well as the capability 
to perform rapid measurements, hints at the potential for rubisco luminescence to provide 
a further means for focussing on a single partial reaction of the rubisco reaction sequence.
Mogel and McFadden (1990) and Lilley et al. (1993) (Section 1.4.1) showed that the 
luminescence associated with the Mn2+-activated form of rubisco is dependent upon the 
oxygenation of RuBP. This indicates that a reaction intermediate or product resulting 
from the addition of oxygen to the RuBP-derived enediol must be sufficiently energetic to 
account for an emission in the visible region (either directly or by transferring its 
excitation energy to a fluorescent species in close proximity, see Section 1.5.1). A better
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understanding of the nature of this excited state may enable it to be assigned to a specific 
oxygenase reaction event.
The influence of temperature on the kinetic parameters of rubisco carboxylase and 
oxygenase activities has been examined previously (Badger and Andrews, 1974; Laing et 
a l,  1974; Badger and Collatz, 1977). Lilley et al. (1993) also examined the influence of 
temperature on the luminescence emitted by Mn2+-activated rubisco from spinach and 
reported an activation energy for the maximum emission similar to that determined for 
Mg2+-rubisco oxygenase by Badger and Collatz (1977). The aim of the work presented 
in this chapter was to vary reaction temperature as a means for altering the kinetics of 
oxygenation and further characterise the luminescence in these altered conditions.
The second aim of the work presented in this chapter was to examine the influence of 
reaction pH on Mn2+-activated rubisco (from spinach, Synechococcus and R.rubrum  ) 
uminescence and oxygenase activity. Varying reaction pH has the potential to alter the 
kinetics of individual reaction events since the rubisco reaction sequence includes several 
events which involve either the addition or removal of a proton (Section 1.2.2). Varying 
pH can also alter protein conformation. The influences of reaction temperature and pH on 
rubisco luminescence are discussed in terms of a simple mechanism to account for the 
rubisco-catalysed light emission.
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5.2 R E S U L T S
5 .2 .1  T e m p e r a tu r e  d e p e n d en ce  fo r  M n 2 + -a c t iv a te d  r u b is c o -c a ta ly s e d  
oxygen  u p tak e rates and lu m in escen ce.
The temperature dependence of Mn2+-activated spinach rubisco luminescence was 
determined for reactions in the presence of a low NaHC0 3  concentration (0.1 mM carried 
over with activation buffer) and a saturating NaHCC>3 concentration (10 mM) (Figure
5.1). In each case a linear Arrhenius relationship was obtained and the activation energies 
were estimated as - 57.1 KJ/mol and - 63.6 KJ/mol, in 0.1 and 10 mM NaHC0 3 , 
respectively.
Spinach Mn2+-rubisco luminescence
l/T (K)*105
Figure 5.1 Temperature dependence (Arrhenius relationships) for spinach rubisco luminescence. 
Reactions over a temperature range of 20-40 °C were initiated by adding 0.282 nmol spinach rubisco 
active sites (pre-activated at room temperature for 30 minutes in 25 mM K+/tricine, 0.1 mM Na2EDTA, 
2 mM DTT, 2 mM MnCl2 and 10 mM NaHC03 at pH 8.0) to assay mixtures containing 25 mM 
K+/tricine, 0.1 mM Na2EDTA, 40 pM DTT (carried over with activated enzyme) 2 mM MnCl2> 253 pM 
RuBP and either 0.1 mM NaHC03 carried over with activated enzyme or 10 mM NaHC03 at pH 8.0. 
The final reaction volume was 500 pi.
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Temperature dependent data for Mn2+-activated Synechococcus rubisco oxygen uptake 
rates and the maximum luminescence intensity also yielded linear Arrhenius plots 
(Figures 5.2A and 5.25) with the respective activation energies being -56.1 KJ/mol and 
-56.6 KJ/mol. The temperature dependence for the intensity of the emission at 0.5 
seconds (activation energy -53.8 KJ/mol) (Figure 5.25) was also similar to the value 
determined for the oxygen uptake rate.
The Arrhenius relationship determined from 10 to 40°C for R.rubrum  rubisco oxygen 
uptake rate was also linear but indicated an activation energy of -39.0 KJ/mol (Figure 
5.3A). However, the temperature dependence for R.rubrum  rubisco luminescence 
differed greatly from that of the oxygenase activity (Figure 5.3B). The maximum 
em ission (I0.5) and the emission recorded at 60 s (I60) for R .ru b ru m  rubisco 
luminescence were relatively unaltered by increasing reaction temperature. The 2 s signal 
(I2) increased with respect to temperature and the slope (20 to 32.5 °C data; Figure 5.35) 
infers an activation energy of -30.0 KJ/mol. An obvious break in the trends for I2 and 
160 coincides with a temperature of 32.5 °C.
The luminescence time-courses shown in Figure 5.44 suggest that the intensity of the 
maximum (between 0 and 0.5 s) relative to the steady-state signal (post 2 s) for R.rubrum 
rubisco luminescence was reduced at higher reaction temperatures.
The correlation factor which expresses the luminescence intensity relative to the rate of 
oxygen uptake (at 60 seconds) declined in linear fashion as reaction temperature was 
increased (Figure 5.45).
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Figure 5.2 Temperature dependence of Mn2+-activated Synechococcus rubisco oxygen uptake rate and 
luminescence intensity. A. Temperature dependence of oxygen uptake rate. Reactions over a 
temperature range of 10-40 °C were initiated by addition of 0.147 nmol Synechococcus rubisco active 
sites (pre-activated at room temperature for 30 minutes in 25 mM K+/EPPS, 0.1 mM Na2EDTA, 2 mM 
DTT, 2 mM MnCl2 and 40 mM NaHC03 at pH 8.0) to assay mixtures containing 25 mM K+/EPPS, 
0.1 mM Na2EDTA, 40 jxM DTT (carried over with activated enzyme), 2 mM MnCl2 and 0.8 mM 
NaHC03 (carried over with activated enzyme) and 253 |iM RuBP at pH 8.0. Oxygen uptake rates at 60 
seconds were determined using an oxygen electrode (Section 2.2.3). The final reaction volume was 500 
¡il. B. Temperature dependence of luminescence intensity. Activation and assay conditions were 
identical to those described for Figure 5.24. Luminescence intensity was measured using a luminometer 
as described previously. Arrhenius relationships were determined for the maximum luminescence 
intensity and the intensity at 0.5 seconds over a range of 20-40 °C.
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Figure 5.3 Temperature dependence of Mn2+-activated R.rubrum rubisco oxygen uptake rate and 
luminescence intensity. Reactions over a temperature range of 10-40 °C were initiated by addition of 50 
pmol R.rubrum rubisco active sites (pre-activated at room temperature in 25 mM K+/EPPS, 0.1 mM 
Na2EDTA, 2 mM MnCl2 and 40 mM NaHC03 at pH 8.1) to assay mixtures containing 25 mM 
K+/EPPS, 0.1 mM Na2EDTA, 2 mM MnCl2 and 0.8 mM NaHC03 (carried over with activated enzyme) 
and 253 pM RuBP at pH 8.1. The final reaction volume was 500 pi. A. The temperature dependence 
for the oxygen uptake rate. B. Temperature dependence of luminescence intensity. Activation and assay 
conditions were identical to those described for Figure 3.3A. Arrhenius relationships were determined for 
the luminescence intensity at 0.5 seconds (I0.5), 2 seconds (I2) and for the 60 second emission (Igo) from 
triplicate assays at each temperature, from 20 to 40 °C.
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Correlation factor for luminescence and oxygen uptake rate
Figure 5.4 Effect of temperature on R.rubrum rubisco luminescence. Reactions were performed as 
described in the legend to Figure 5.3. A. Time-courses for R.rubrum rubisco luminescence at different 
reaction temperatures. Luminescence intensity over 120 seconds is shown for reactions at 39.9 °C , 30 
°C and 20 °C. Inset, the same data for the first 3 seconds of the reaction. B . The influence of reaction 
temperature on the correlation factor for luminescence intensity relative to oxygen uptake rate.
5.2.2 E ffects o f reac tio n  PH on rub isco  lum inescence.
R.rubrum  Mn2+-rubisco luminescence was affected by changing reaction pH (Figure
5.5). The pH dependence for both the maximum emission (I0 .5) and the intensity at 60 
seconds (I6 0 ) shows an increasing trend with increasing pH (Figure 5.6A ), with the 
intensity at pH 9.0 being almost 10 times that at pH 7.4.
Reaction pH also affected oxygen uptake. The increased oxygenase activity associated 
with increasing pH appeared minor when compared with the change in luminescence 
intensity (Figure 5.6A). However, a closer look at the oxygenase activity (Figure 5.6B) 
reveals that the variation is significant and that a break point in the trend for the 
relationship occurs in the region of pH 8.2.
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Figure 5.5 Time-courses for R.rubrum rubisco luminescence at different pH. Reactions were initiated 
by adding 50 pmol R.rubrum rubisco active sites (pre-activated as described for Figure 5.3) to assay 
mixtures containing 25 mM K+/EPPS, 0.1 mM Na2EDTA, 2 mM MnCl2 and 0.8 mM NaHC03  (carried 
over with activated enzyme) and 100 pM RuBP. The final reaction volume was 500 pi. A, 120 second 
time-courses. B, the first 3 seconds of the same reactions in detail.
Q.
3
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Figure 5.6 The effect of pH on Mn2+-activated R.rubrum rubisco luminescence intensity and oxygen 
uptake rate. A. The effect of reaction pH on R.rubrum rubisco luminescence intensity and oxygen 
uptake rate. The luminescence intensity at 60 seconds (l6o) an  ̂0-5 seconds (I0 .5) and the rate of oxygen 
uptake at 60 seconds is shown. B, Mn2+-rubisco oxygenase versus pH.
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Expressing the intensity at 2 s (I2) as a ratio of the 0.5 s intensity (I0.5) allows the effect 
of pH on initial kinetics for luminescence to be quantified (Figure 5.7). Increasing pH 
between 7.4 and 8.2 slightly reduced the value of I2/I0 .5 . In the region of pH 8.2 an 
obvious break in the trend is evident, with a sharp increase in the relative luminescence 
intensities at 5 and 60 s accompanying the further increase in pH. Above pH 8.2 there 
was no variation in the relative decline between 2 and 60 seconds, (I2-I60)/I60- That is, 
increasing pH, above pH 8.2, significantly alleviated the characteristic decline in activity 
which occurs in the first few seconds of catalysis but did not alter the extent or the rate of 
the decline after this time.
Figure 5.7 The influence of reaction pH on R .r u b r u m  rubisco luminescence intensity at 2 s expressed 
as a fraction of the maximum, I0.5. The extent of the decrease in intensity between 2 and 60 seconds, (I2- 
l6o)/Io.5> Is also included on the plot.
The correlation factor (the ratio of luminescence intensity to oxygen uptake) increased 
exponentially as pH was increased (Figure 5.8). No break at pH 8.2 is evident.
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R.rubrum Mn2+-rubisco correlation factor
^  (Luminescence relative to rate of oxygen uptake)(N
Figure 5.8 The influence of reaction pH on the correlation factor for Mn2+-activated R.rubrum rubisco 
luminescence intensity and oxygen uptake rate.
Varying reaction pH had little effect on the maximum luminescent emission for spinach 
rubisco (Prep. A. - see Section 3.2.1) activated in tricine but assayed in EPPS (Figure 
5.9A ).
Figure 5.9 The effect of pH on luminescence intensity for spinach Mn2+-rubisco activated in a tricine 
buffer. Reactions were initiated by adding 0.363 nmol spinach rubisco (Prep. A. - see Section 3.2.1) 
active sites (pre-activated at room temperature in 25 mM K+/tricine, 0.1 mM Na2EDTA, 2 mM MnCl2 
and 10 mM NaHC0 3  at pH 8.1) to assay mixtures containing 25 mM K+/EPPS, 0.1 mM Na2EDTA, 2 
mM MnCl2 and 0.2 mM NaHC03  (carried over with activated enzyme) and 100 pM RuBP. The final 
reaction volume was 500 pi. A. The effect of pH on the maximum luminescence and the intensity at 
120 seconds for spinach Mn2+-rubisco activated in the presence of tricine and assayed in EPPS. B. 
Time-courses for spinach Mn2+-rubisco activated in the presence of tricine and assayed in EPPS over 120 
seconds at different reaction pH.
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The maximum occurred between 5 and 10 s after RuBP addition. However, the emission 
at 120 s increased as pH was increased up to pH 8.2. Above pH 8.2 the 120 s signal 
remained unaltered.
Increasing reaction pH decreased the maximum emission for spinach rubisco (Prep. B) 
activated and assayed in EPPS buffer (Figure 5.1QA). The intensity at 120 s increased 
with pH between pH 7.7 and 8.2, above which the trend reversed. Representative 
luminescence time-courses (Figure 5.102?) show that increasing the reaction pH extended 
the time taken to reach the maximum. The emission at 3 seconds was relatively 
unchanged by increasing pH.
7.5 8.0 8.5 9.0 30 60 90 120
Reaction pH Time (seconds)
Figure 5.10 The effect of pH on luminescence intensity for spinach Mn2+-rubisco activated in an 
EPPS buffer. A. The effect of pH on spinach rubisco (Prep. B) activated in the presence of EPPS. 
Assays were performed as for Figure 5.9 with the exception that spinach rubisco was pre-activated in a 
buffer containing EPPS instead of tricine. The luminescence intensity at 3 seconds, the maximum 
emission and the luminescence intensity at 120 seconds are shown. B. Time-courses for spinach Mn2+- 
rubisco activated in the presence of EPPS and assayed in EPPS over 120 seconds at different reaction pH.
The influence of reaction pH on spinach Mn2+-rubisco oxygenase (Figure 5.11A) was 
similar to that observed for the luminescence intensity in identical reactions at 120 s 
(Figure 5.1QA). A break in the pH-dependence of each activity occurs at around pH 8.2. 
The correlation factor (luminescence intensity relative to oxygen uptake rate) calculated 
using data from Figures 5.10 and Figure 5.1 L4 was unchanged by varying reaction pH.
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Figure 5.11 The effect of reaction pH on the oxygen uptake rate for spinach Mn2+-rubisco activated 
and assayed in EPPS. Activation/reaction conditions were identical to those in Figure 5.10. A, oxygen 
uptake rate measured using an oxygen electrode vs reaction pH. B, correlation factor for spinach Mn2+- 
rubisco (luminescence intensity relative to oxygen uptake rate) vs reaction pH.
The effect of pH determined for Synechococcus rubisco luminescence (activated and 
assayed in EPPS) resembled that shown for the spinach rubisco in Figure 5.10 (data not 
shown), including a break point in the region of pH 8.2 for the trend of the 120 s 
emission.
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5.3 DISCUSSION
5.3.1 Comparison of activation energies for Mn2+-activated rubisco 
luminescence and oxygenation.
The activation energy determined for spinach Mn2+-rubisco luminescence was consistent 
with the value reported by Lilley et a l  (1993) and was similar to the activation energy for 
Mg2+-activatedv4in/?/ex glabriuscula rubisco oxygenase (Badger and Collatz, 1977). In 
10 mM NaHC0 3 , a concentration that is saturating for rubisco carboxylation, the 
activation energy was similar to the value determined in a low (0.1 mM) NaHC03 
concentration (Figure 5.1). This indirectly confirms that the inhibitory effect of 
bicarbonate is consistent with a competitive inhibition of rubisco oxygenase by CO2 
(Lilley et al., 1993).
The activation energies for spinach (-57.1 KJ/mol) and Synechococcus rubisco (-56.1 
KJ/mol) rubisco luminescence were similar. The activation energies (for luminescence) 
are similar to those determined for oxygen uptake (Figures 5.1 and 5.2) indicating that the 
two processes are closely associated.
5.3.2 Comparison of Mn2+-activated RuBP oxygenase activation energies 
for L2 and LsSs rubiscos.
For rubisco from R.rubrum, the activation energy for oxygen uptake (-39.0 KJ/mol, 
Figure 5.3A) was lower than the values determined for the LsSs enzymes (about -57 
KJ/mol). This is possibly due to a lower energy requirement for a critical transition state 
to occur in the RuBP oxygenase reaction sequence catalysed by the L2 bacterial enzyme.
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5.3.3 Comparison of the effects of changes in reaction temperature on 
R.rubrum  Mn2+-rubisco luminescence and oxygen uptake.
Unlike the LsSs rubiscos, the luminescent and oxygenase activities of the R.rubrum  
enzyme were differentially altered by changing reaction temperature. The response of 
R.rubrum Mn2+-rubisco oxygen uptake rate to changes in reaction temperature conforms 
to the behaviour expected for an enzyme-catalysed process (Figure 5.3A). However, the 
this was not the case for luminescence (Figure 5.32?). The correlation factor which 
expresses luminescence intensity relative to oxygen uptake rate decreased as the reaction 
temperature was increased (Figure 5.4B), that is, increasing temperature caused less light 
to be emitted for each mole of oxygen consumed. An hypothesis for the mechanism of 
this temperature-induced change in luminescence activity is put forward in Section 5.3.5.
5.3.4 Effects of reaction pH on Mn2 + -rubisco luminescence and 
oxygenase activity.
An obvious feature of the pH-dependent relationships for Mn2+-activated rubisco 
luminescence and oxygen uptake is a break point in the region of pH 8.2. It is evident in 
the trends for spinach luminescence activity assayed in tricine (Figure 5.9) and EPPS 
(Figure 5.10), spinach Mn2+-rubisco oxygen uptake rate (Figure 5.11) and for 
Synechococcus rubisco luminescence (data not shown). Similarly, the pH-dependence 
for R.rubrum  Mn2+-rubisco oxygen uptake (Figure 5.62?) and the intensity of the 2 
second emission relative to the maximum (12/Imaxj Figure 5.7) both show a break at pH 
8 .2 .
It is significant that this break-point at pH 8.2 also coincides with the sharp increase in the 
rate of Mn2+-dependent oxidation of DTT (in the absence of rubisco and RuBP) that was 
shown in Chapter 4 to occur in rubisco reaction buffers (Figure 4.11). It appears that
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changing reaction pH influenced the activation state of Mn2+-activated rubiscos (reflected 
by changes in oxygen uptake rate and luminescence intensity). Most likely, these 
changes in activation state are related to the effects of pH on complex formation and/or 
reactions involving Mn2+ in bulk solution (see Chapter 4, Section 4.3.4).
A pH-related decrease in the concentration of dissolved CO2 (since it is in equilibrium 
with HC0 3 -) would be expected to increase Mn2+-rubisco oxygen uptake. However, 
Figure 5.7 clearly shows that further increases above pH 8.2 also reduced the extent of 
the decline in luminescence intensity that typically occurred between 0.25 and 2 s. This 
suggests that the higher oxygenase activities above pH 8.2 (Figure 5.6B) are also due to 
an alleviation of a loss in activation state (ECMn). This is consistent with the conclusion 
that the initial luminescent response of Mn2+-activated R.rubrum rubisco reflects a rapid 
inactivation which can be altered by changing reaction conditions (Chapter 4, Section 
4.3.3).
Changing reaction pH had no influence on the correlation factor for Mn2+-activated 
spinach rubisco luminescence (Figure 5.116) confirming that changing pH had the same 
effect on both oxygenase activity and luminescence intensity. However, for R.rubrum 
M n2+-rubisco, the increase in luminescence intensity with reaction pH was clearly 
different to the effect on oxygenase activity (Figure 5.6A). The pH-dependent increase in 
the correlation factor for luminescence relative to oxygen uptake, with no break point at 
pH 8.2, indicates that the amount of light emitted per mole of oxygen consumed increased 
as pH was increased (Figure 5.8A).
5.3.5 A minimal mechanism for the Mn2 + -activated  rubisco  
luminescence.
Two features of the Mn2+-activated rubisco luminescence allow a minimal mechanism for 
light emission to be proposed. Firstly, the oxygen-dependence of the Mn2+-rubisco
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luminescence (Section 3.3.3; Lilley et al., 1993; Mogel and McFadden, 1990) dictates 
that the excited transition state which directly precedes luminescence is formed as a result 
of RuBP oxygenation. The second feature is the confirmation (provided by the emission 
spectra shown in Chapter 8, Figure 8.8) that the source of the emission is the active-site 
Mn2+ ion. A simple mechanistic representation of the reaction is shown in Figure 5.12. 
The mechanism proposes that energy transfer from X*, the excited reaction intermediate, 
to the active site Mn2+ ion precedes light emission irrespective of whether X* is formed 
on the main RuBP oxygenation reaction path or as an intermediate/product of an 
oxygenase-side reaction.
M n(II) excitation via energy transfer
X* --------------- ► ECMn* - X
— hv 
' r photon emission
ECMn - X
Figure 5.12 A  minimal mechanism for Mn2+-activated rubisco luminescence. X* denotes an 
unspecified reaction intermediate or product which is generated in an excited state. Further explanation is 
given in the text.
5.3.6 An hypothesis for the mechanism of temperature and pH-induced 
changes in the correlation factor for Mn2+-activated R.rubrum  rubisco 
luminescence.
It can reasonably be assumed that X* (Figure 5.12) is formed by the same reaction 
mechanism for the L2 and LgSg rubiscos. However, varying reaction pH and 
tem perature only affected the correlation factor for R .ru b ru m  Mn2+-ru b isco  
luminescence. A simple interpretation of these variations in luminescence intensity 
(which are independent of any changes in oxygen uptake) is that varying reaction 
temperature and pH has an effect on those events which determine the quantum efficiency 
of the Mn2+-luminescence.
ECMn -
ECMn + RuBP
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The quantum yield (which determines the intensity of the Mn2+-rubisco luminescence) 
will be dependent upon several factors; the rate of formation of the excited transition state 
(shown as X*in Figure 5.12), the rate at which the active site Mn(II) species is excited, 
the rate at which it decays back to its ground state (accompanied by emission of a photon) 
and the extent to which the ground state is reached by other means (see Section 1.5.1; 
Hercules, 1968; Gundermann and McCapra, 1986). That is, quenching of the excited 
transition state (X ) by radiationless processes will compete significantly with excitation 
of the active site Mn2+ ion1 (Williams et al., 1980; Blasse, 1980). Similarly, 
radiationless quenching of the excited manganese species can be expected to compete with 
a return to the ground state via the photon releasing path.
The implication of this is that the immediate environment of the active site-bound Mn2+ 
ion and X will influence the intensity of the observed luminescence. Therefore, it is 
possible that an influence on the conformation and/or mobility of certain residues in the 
active site (Loop 6, for example; see Section 1.3.4.6) gives rise to the temperature and 
pH-induced changes in the correlation factor for R.rubrum rubisco luminescence. For 
example, the effect of reaction pH on the correlation factor for R.rubrum Mn2+-activated 
rubisco luminescence (Figure 5.8) may be caused by a change in active site conformation 
due to ionisation of a specific active site residue. In this case, the absence of an effect of 
reaction pH (between pH 7.4 and 9.2) on the correlation factor for luminescence of the 
Mn2+-activated rubiscos from spinach and Synechococcus would infer either, (i) that 
ionisation of this residue does not significantly alter the active site conformation or (ii) 
that this particular residue in the hgSg form of rubisco is not present or has a significantly 
lower pKa compared to the L2 form. The probability of forming an excited state will be 
greater for reaction events that involve very little configurational change (Gundermann 
and McCapra, 1986; see Section 1.5.2). This suggests that, compared to the L2 rubisco 
from R.rubrum, the LsSs rubiscos are able to achieve a greater degree of configurational 
control over the reaction sequence.
1 Energy transfer from the excited state (X*) to the active site Mn2+ ion is also a radiationless transition.
CHAPTER SIX
TIME-DEPENDENT INACTIVATION OF Mn2+-RUBISCO CATALYSIS
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6.1 INTRODUCTION
Studies of rubisco failover have provided details which have implications for both the 
mechanisms and regulation of rubisco catalysis (Edmondson et a l., 1990a,b,c,d; Zhu 
and Jensen, 1991a,b). The presence of different phosphorylated compounds can affect 
rubisco activity, either by binding to carbamylated sites or by influencing the equilibrium 
between carbamylated and uncarbamylated sites in a way that favours the inactive state 
(Badger and Lorimer, 1981; Jordan et a l , 1981; Jordan and Chollet, 1983). It has also 
been shown that products formed by rubisco-catalysed side-reactions contribute to the 
inactivation of Mg2+-activated higher plant rubiscos assayed in vitro (see Section 1.2.6).
The enediol(ate) of RuBP is produced by proton abstraction at C3 (Section 1.2.2.1). 
Exchange of RuBP hydrogen with solvent protons accompanies the process (Saver and 
Knowles, 1982), indicating that this partial reaction is reversible. However, the enediol 
has a planar conformation at C3 and, therefore, two stereo-isomer products are possible. 
Reprotonation at the Re face of the planar arrangement at C3 will regenerate RuBP, but if 
the addition occurs on the Si side the epimer xyulosel,5-bisphosphate (XuBP) will be 
produced (Andrews and Lorimer, 1987). Hydrogen addition is also possible at the C2 
position of the enediol, which would generate one of two possible isomers of pent-3- 
ulose 1,5-bisphosphate. XuBP and 3-keto-arabinitol 1,5-bisphosphate (ArBP) have 
been identified as reaction products of spinach rubisco catalysis. Once formed, these 
side reaction products remain tightly complexed within the rubisco active-site and 
progressively inhibit catalysis. (Edmondson et al., 1990a, b c, d; Zhu and Jensen, 
1991a, b; see Figure 1.4).
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The measurement of rubisco-generated luminescence intensity has the potential to allow a 
direct determination of rubisco activity over time, and would represent a significant 
simplification over the methods currently used. While current methods provide more 
than adequate sensitivity and accuracy, they require either successive sampling of 
reaction mixtures and determination of acid-stable radioactivity or the use of a multiple 
enzyme-coupled reaction system (Edmondson et a l , 1990).
Lilley et al. (1993) measured time courses for rubisco luminescence and obtained an 
exponential fit for the observed decline in activity. They noted a progressive decline in 
spinach rubisco luminescence intensity that appeared to resemble the failover in activity 
observed for Mg2+-activated spinach carboxylase (Edmondson et a l ,  1990). R.rubrum  
luminescence intensity also declined over a 4 minute reaction period (Lilley et al., 1993), 
representing a departure from the behaviour of the Mg2+-activated enzyme which shows 
no such decline in activity. Lee and McFadden (1992) observed a rapid and complete 
extinction (within 60 seconds) of the luminescence generated by reactions containing 
Mn2+-activated Anacystis nidulans Ser376 mutant rubiscos. These findings indicate that 
the kinetics of Mg2+-activated rubiscos from different organisms over extended reaction 
periods may differ from their M n2+-activated rubiscos and m utant versions. 
Replacement of the active-site M g2+ ion with Mn2+ alters partitioning between the 
carboxylase and oxygenase reactions in the direction of oxygenation (Section 1.2.4), 
therefore a closer examination of differences between rubisco activated with these two 
metal ions is warranted.
The aim of the experiments described in this chapter was to characterise Mn2+-rubisco 
catalysis over extended reaction periods. In parallel experiments, the decline of rubisco 
lum inescence and rubisco carboxylase activity was followed for 60 minutes. 
Carboxylase activity was also determined in the absence of oxygen. The long term
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kinetics of Mn2+-activated rubisco from spinach, Synechococcus and R.rubrum  were 
compared.
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6.3 RESULTS
6.2.1 Inactivation of Mn2+-activated rubisco during catalysis
When assayed in fully-activating conditions Mn2+-rubisco activity progressively declined 
over time. Complete inactivation of the carboxylase activity (Figures 6 .LA) and the 
luminescence intensity (Figure 6.LB) of Mn2+-activated spinach rubisco occurred within 
60 minutes. A  mathematical description (of the rate and extent) of this decline in activity 
in terms of a first-order decay to reach a final steady-state activity was obtained by fitting 
the data to the function given in the legend to Table 6.1.
The extent of the decline of Mn2+-activated Synechococcus rubisco luminescence (Figure 
6.2A , Table 6.1) was similar to that of the spinach enzyme. When the M nCl2 
concentration in pre-activation and assay buffers was increased from 2 mM to 5 mM a 
slight reduction in the extent of the decline of Synechococcus rubisco luminescence 
intensity was observed, but the rate of the decay was unchanged (Figure 6.2, Table 6.1). 
A  white precipitate was observed in buffers containing 5 mM MnCl2.
The decline in activity for R.ruhrum  rubisco luminescence (Figure 6.2B) was more 
complicated than that of the LgSg  enzymes. An initial, rapid decline occurred in the 
initial 2 s of catalysis (see Sections 3.2.3 and 4.2.3), followed by a slower rate of 
decline lasting for about 5 minutes. Between 0.25 s (maximum) and 1 minute the 
intensity decreased by around 40 %, and from 1 to 5 minutes the activity declined a 
further 20 %. After this period, the rate of decay slowed considerably. From 5 to 60 
minutes the intensity decreased by a further 10 %. When the luminescence data between 
5 and 60 minutes was fitted to the decay function (Table 6.1), the value for I/w as 62.3
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% of the intensity at 5 minutes (the signal at 5 minutes was used as the initial activity, I/) 
and the half-time for the decay was about 30 minutes.
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Figure 6.1 Time-dependent inactivation of Mn2+-activated spinach rubisco activity. A, 
shows a time-course for carboxylase activity, determined using the procedure described in 
Section 2.2.3. Reactions contained 25 mM K+/tricine, 14 nM spinach rubisco active sites 
(2.82 pM active sites pre-incubated at room temperature for 30 minutes in 25 mM K+/tricine, 2 
mM dithiothreitol, 2 mM MnCl2 and 10 mM NaH C03; pH 8.0 at 25 °C ), 2 mM MnCl2, 10 
mM NaH14C 0 3 (33.4 Bq/nmol), and 500 pM RuBP in a total volume of 500 pi; pH 8.0 at 25 
°C. The dashed line representing the rate of 14C 0 2 fixation is the differentiated form of the 
function shown in the legend for Table 6.1. B, the time-course for Mn2+-activated spinach 
rubisco luminescence intensity. The pre-activation and assay conditions were identical to those 
described for the carboxylase assay, with the exception that unlabelled NaHC03 was substituted 
for NaH14C 03. Luminescence was measured using the procedure described in Section 2.2.1.
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F ig u re  6 .2  A , Time-dependent inactivation of luminescence for Mn2 + -activated  
Synechococcus rubisco. Rubisco luminescence intensity was followed over time (procedure 
described in Section 2.2.1). Reaction mixtures contained 25 mM K+/EPPS, 88 nM 
Synechococcus rubisco active-sites rubisco (preincubated at room temperature for 30 minutes in 
25 mM K+/EPPS, either 2 mM or 5 mM MnCl2 and 40 mM NaH C03; pH 8.0), 2 mM 
MnCl2j 20 mM NaH C03 and 1 mM RuBP in a total volume of 500 pi; pH 8.0 at 25 °C. B, 
R.rubrum Mn2+-rubisco luminescence intensity. Reactions contained 25 mM K+/EPPS, 0.149 
pM R.rubrum rubisco active sites (pre-incubated at room temperature for 30 minutes in 25 mM 
K+/EPPS, 2 mM MnCl2 and 40 mM NaHCOs ; pH 8.0), 2 mM MnCl25 20 mM NaHC03, 1 
mM RuBP in a total volume of 500 pi; pH 8.0 at 25 °C.
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Table 6.1. Kinetics o f the inactivation of Mn2+-activated rubisco activity observed over a 60 minute 
reaction period. A., time-dependent rubisco-catalysed 14C 0 2 fixation data was fitted to the exponential 
equation below (Edmondson et al., 1990a).
Amount of 14C 0 2 fixed = Vy.t + {(V / - Vy) (1 - e"kofa*t)} /k o6,
This enabled estimation of the initial rate (V,), the rate at infinite time ÇVf), and a pseudo-first order rate 
constant for the decline in activity, expressed here as i y i ,  the time for the activity to fall to 50 %.
B., the parameters obtained by fitting the luminescence intensity data to the differentiated form of the 
exponential.
If — Iy + (1/ - Iy) e’kofa.t
The rate parameters, in this instance represent the intensity of the luminescence at zero time (I,) and 
infinite time (I;). Assay procedures are described in Sections 2.2.1 and 2.2.3 and details of individual 
reactions are provided in figure legends.
A. Mn2+-rubisco 14CÛ2 fixation
assay v ,
(nmol/min/nmol
sites)
V /
(nmol/min/nmol
sites)
%  V j f Y i tl/2
(m inutes)
spinach ECM n 19.0 ± 1.3 0.4 ± 0.3 2.1 ± 0.4 7.6 ± 0.5
spinach ECM n 
0 2 free conditions
26.8 ± 1.5 1.8 ±  2.3 7.2 ±9.2 56.0 ± 9.0
S y n e c h o c o cc u s  
ECM n 0 2 free 
conditions
17.8 ±  0.8 3.6 ±  0.4 20.2 ±  3.0 18.0 ± 0.1
R.rubrum  ECM n 
0 2 free conditions
31.3 ± 3.4 * 25.2 ± 2.3 80.4 ± 6.7 152.0 ± 3.0
B. Mn2+-rubisco luminescence
assay 1«
(m V /nm ol sites)
V
(m V /nm ol sites)
%  i / i / tl/2
(m inutes)
spinach ECM n 32.1 ± 2.0 0.9 ± 0.5 2.8 ± 0.3 6.0 ±  0.5
S y n e c h o c o cc u s  
ECM n (2 m M  
M n)
(5 mM Mn)
70.5 ±  4.6 
73.7 ±  0.9
1.4 ±  0.4 
3.2 ±  0.3
1.9 ±  0.5 
4.3 ±  0.0
6.2 ±  0.1 
6.3 ±  0.0
R .rubrum  ECM n 14.5 ±  0.3 * 9.1 ±  0.5 62.3 ±  3.0 30.3 ±  7.3
spinach ECM n 
with 1 mM H20 2 
added
28.9 ±  1.1 0.2 ±  0.0 0.4 ±  0.3 10.7 ±  1.0
S y n e c h o c o cc u s  
ECM n with 1 mM  
H ?0? added
28.9 ±  0.3 0.1 ±  0.1 0.1 ±  0.0 2.7 ±  0.0
* For rubiscos from R.rubrum the nature of the decline in activity occurred in three distinct phases. The 
parameters shown here were determined for the third phase o f the decline, between 5 and 60 minutes 
reaction time. Therefore, V/ and I, refer to the activities at 5 minutes.
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6.2.2 Inactivation of Mn2+-rubisco in 02-free conditions
When carboxylation was measured in the absence of O2, the extent of the time-dependent 
inhibition of M n2+-rubisco activity was significantly reduced compared to air- 
equilibrated reactions (Figure 6.3, Table 6.1). The rate of 14C 02 fixation catalysed by 
Mn2+-activated spinach rubisco after 60 minutes was 52 % of the initial rate, and for the 
Synechococcus enzyme the activity at this time was 30 %.
The rate and extent of the decline in R.rubrum  Mn2+-rubisco activity (Figure 6.3C) 
measured between 5 and 60 minutes was reduced1 by excluding oxygen, although, the 
0 2 -dependence of the decay for this enzyme was less marked than that of the LsSg  
rubiscos. The extent of the decline which occurred in the first 5 minutes was unaffected 
by the absence of oxygen.
Hydrogen peroxide could not be detected (using a peroxidase-coupled assay described in 
Section 2.2.5) in reactions containing Mn2+-rubisco from either spinach, Synechococcus 
or R.rubrum  (data not shown).
6.2.3 Effects of H2O 2 on the inactivation of Mn2 + -activated rubisco 
luminescence
H2O2 inhibits Mg2+-activated spinach rubisco catalysis and reduces the extent of fall­
over (Badger et al., 1980). When 1 mM H2O 2 was included in reactions the rate of 
inactivation of Mn2+-activated spinach rubisco luminescence was also reduced (Figure 
6.44, Table 6.1).
1 Compared to the inactivation o f the luminescence for the Mn2+-form
139
20
10
20
16
12
8
4
60
40
20
0 10 20 30 40 50 60 70
cO
C3
X
r -H
<+4O<u
03
Pi o
Bc
co
03
X
M -i
(Nou
osc
«+Ho<u
cd
E
D
’o
Ëc
o3X
CMou
■ r̂
lwo<u ■*—> c3Pi O
Ëe
Time (minutes)
F igure 6.3 Time-dependent inactivation of carboxylation Mn2+-rubisco in oxygen-free 
conditions. Rubisco carboxylase activity was followed over time using the procedure described 
in Section 2.2.3. Spinach rubisco reactions contained 66.7 Bq/nmol C. Synechococcus and 
R.rubrum rubisco reactions contained 16.7 Bq/nmol C. Excepting the absence of oxygen, 
preactivation and reaction conditions were unchanged from those previously described for each 
Mn2+-enzyme. A, spinach rubisco; B, Synechococcus Mn2+-rubisco; and C , R.rubrum Mn2+- 
rubisco.
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However, including the same concentration of H2O2 in reactions containing Mn2+- 
activated Synechococcus rubisco did not reduce the rate of decline in luminescence 
(Figure 6.42?, Table 6.1). 1 mM H2O 2 inhibited the initial luminescence of both 
enzymes.
Figure 6.4 Time courses for Mn2+-activated rubisco luminescence in the presence of 1 mM 
H2O2. The decline in luminescence intensity was followed for Mn2+-activated rubisco from 
spinach (A) and Synechococcus (B) The assay procedure was unchanged from that described in 
the legends to Figures 6.L4 and 6.2A, with the exception that 1 mM H2O2 was added where 
indicated.
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6.3 DISCUSSION
6.3.1 Comparison of the decline in Mn2 + -rubisco luminescence and 
carboxylase activity over 60 minutes.
The kinetic parameters describing the time-dependent decay of spinach Mn2+-rubisco 
luminescence were the same as those determined for the decline in Mn2+-rubisco 14C02 
fixation measured in identical conditions (Table 6.1). This confirms that the luminescent 
reaction provides a simple means for observing the kinetics of Mn2+-rubisco catalysis 
over extended reaction periods.
6.3.2 An oxygen-dependence for the inactivation of Mn2+-rubisco.
Evidence for an involvement of oxygen in the inactivation of Mn2+-activated rubiscos 
over extended reaction periods prompts the speculation that Mn2+-rubiscos catalyse 
oxygenase side-reaction product formation. Oxygen-dependent side-reaction products, 
D-g/ycm?-2,3-pentodiulose and 2-carboxytetritol 1,4-bisphosphate (CTBP), have been 
isolated from the R.rubrum  E48Q and K329A mutant rubisco reaction mixtures (Chen 
and Hartman, 1995; Harpel et al., 1995; see Section 1.3.4.9). It was demonstrated that 
the precursor to these compounds was a peroxy derivative of RuBP, that is, an 
oxygenated reaction intermediate. These products were not detectable in reactions 
containing wild-type R.rubrum  Mg2+-rubisco. The authors proposed that the side- 
products were formed as a result of an impaired ability of the mutant enzymes to stabilise 
the hydroperoxy species against decomposition.
When Harpel and Hartman (1994) activated the K329A mutant with Mn2+ in place of 
Mg2+, the decomposition products of the hydroperoxy intermediate were not detectable.
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They reasoned that an active-site Mn2+ ion would be better at stabilising a hydroperoxide 
than M g2+, which essentially is the same explanation for the decrease in Srei that is 
produced when wild-type rubisco active-site Mg2+ is replaced by Mn2+ (see Section
1.2.5). The slight effect observed when oxygen was excluded from R.rubrum  Mn2+- 
rubisco reactions (Figure 6.3C) may be consistent with these findings. However, the 
more dramatic effects of excluding oxygen in LsSs Mn2+-rubisco reactions (Figure 
6.3A, B) may indicate the formation of hydroperoxy-derived side reaction products other 
than PGA and Pglycolate .
A  more speculative explanation for the oxygen-dependent inhibition is that non-reversible 
oxidation of the active site manganese ion occurs during catalysis as a result of a reaction 
involving either an oxygenated reaction intermediate or a reactive 02-derived species. 
Such a reaction would have to occur with a significantly lower frequency than the 
formation of PGA and Pglycolate.
6.3.3 Comparison of the inactivation of Mn2 + -activated and Mg2 + - 
activated spinach rubiscos during catalysis.
The half-time for the exponential decline in Mn2+-rubisco luminescence for the bgSg 
enzyme from spinach (Table 6.1) was similar to that determined for slow inactivation of 
the M g2+-activated spinach rubisco (5.8 ± 1.1 minutes). However, the Mn2+ form 
inactivated to a considerably greater extent (I//I/, Table 6.1) than spinach Mg2+-rubisco 
activity which approached a steady-state of about 40 % of the initial rate (data not 
shown).
The decline of rubisco luminescence in an assay buffer in which RuBP had been pre­
incubated at 25 °C for 60 minutes was the same as that observed for assays with a 1
minute RuBP pre-incubation (data not shown). This eliminates the possibility that the 
loss in activity was due to non-enzymic isomerisation of RuBP to inhibitory products or 
through reactions involving Mn2+ or other components in the bulk solution. Adding a 
fresh aliquot of RuBP upon complete inactivation failed to elicit any further activity (data 
not shown) indicating that depletion of RuBP, enzyme-catalysed or otherwise, was not 
the cause of the decline in activity. Except for the presence of RuBP, the rubisco assay 
buffer composition was identical to that used for pre-activation. After reaching a 
maximum sometime between 10 and 20 minutes of pre-activation, enzyme activity was 
stable for over two hours at 25 °C (data not shown).
Several factors can explain the progressive decline of Mn2+-activated spinach rubisco 
activity. In oxygen-free conditions the extent of inactivation of spinach Mn2+-rubisco 
after 60 minutes of reaction (Figure 6.3A) was similar to that observed for the Mg2+- 
form in air-equilibrated reactions (data not shown). Therefore, a significant component 
of the decline in activity could be due to the formation of inhibitory products at the active 
site, as a result of the misprotonation of the enediol intermediate and by an oxygenase- 
dependent side-reaction. However, when the spinach Mn2+-rubisco data obtained in O2- 
free conditions was fitted to the exponential function (Table 6.1) the 7.2 % activity at 
infinite time is still significantly lower than that of the Mg2+-activated enzyme in air (30 - 
40% of V/). This could be explained either by a greater persistence of phosphorylated 
inhibitors when bound to the Mn2+ active-site or by a slow rate of decarbamylation over 
extended periods.
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6.3.4 Inactivation of Mn2+-activated R.rubrum  rubisco during catalysis.
The inactivation of R.rubrum  Mn2+-rubisco showed three distinct phases. The decline 
in the initial phase, lasting for about 2 s was shown in Chapter 4 to be alleviated by 
increasing MnCl2 concentration (Figure 4.3). This observation suggested that this initial 
decline reflects a rapid decrease in the amount of enzyme in the active ECMn form 
(Section 4.3.3). However, in the second phase, between 2 s and 5 minutes, the extent 
of the decline was not affected by increasing MnCl2 (Chapter 4, Figure 4.5) nor by 
excluding oxygen from the reaction (Figure 6.3C). After approximately 5 minutes, the 
time-courses showed a distinct transition to a third phase, in which the rate of decline 
was much reduced and apparently exponential for 60 minutes.
The decline in R .rubrum  Mn2+-rubisco activity between 1 and 5 minutes was not 
eliminated by excluding oxygen. Misprotonation of the enediol has been reported to 
occur for R.rubrum  mutant rubiscos (Harpel and Hartman, 1994), although the wild­
type, M g2+-activated enzyme appears not to catalyse these reactions to a detectable 
extent. (Lee et al., 1993). Therefore, enediol-derived side-reaction product formation 
may explain this inactivation. However, given the effects of different buffer components 
on Mn2+-rubisco activity observed over shorter reaction times (Chapter 4), an influence 
of conditions in solution on rubisco activation state over extended periods cannot be 
excluded.
Relating the observed decline in R.rubrum  Mn2+-rubisco activity (whether in the initial 
few seconds or over extended periods) to conditions in the bulk solution, requires that
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the pre-activation buffer sustains complete2 activation of Mn2+-rubisco in the absence of 
RuBP, but not in its presence. A  simple hypothesis is that RuBP alters the equilibrium 
between the active and inactive states of rubisco towards the latter which, in conjunction 
with an inhibition caused by oxygenase side-reaction products (see Section 6.3.2), 
accounts for the progressive inactivation during catalysis.
6.3.5 Inactivation of Mn2 + -activated S yn ech o co ccu s  rubisco during 
catalysis.
In the absence of oxygen, after 60 s Synechococcus Mn2+-carboxylase activity had 
declined to about 30 % of the initial rate (Figure 6.3B) and the activity at infinite time 
predicted by the exponential fit was 18 % (Table 6.1). Therefore, the decline in 
luminescence activity in air (Figure 6.2A, Table 6.1) can only partially be attributed to 
the formation of oxygenase-dependent side-reaction products.
M g2+-activated rubisco from Synechococcus does not inactivate significantly during 
catalysis (Morell et al., 1994). Therefore, the substantial oxygenase-independent 
inactivation of the Mn2+-activated Synechococcus rubisco could result from, either an 
inhibition by Mn2+-specific side-reaction products, or the fact that the Mn2+-activated 
form is less stable in the presence of RuBP.
The kinetics of the inactivation of Synechococcus Mn2+-rubisco were similar to that of
the spinach enzyme (Table 6.1). In spite of this, other characteristics suggest that nature
of the decline in activity is different for each enzyme. In the presence of H2O 2 an
obvious reduction in the fall-over of Mg2+-activated spinach rubisco carboxylase activity
2 The assumption o f complete activation is arbitrary here, since the extent of carbamylation was 
not determined prior to assay. Therefore, it is possible that Mn2+-activated rubisco is activated to a 
lower extent than the M g2+-form and that, upon introduction o f RuBP, a further reduction in 
activation state occurs.
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occurs (Badger et al., 1990). When H2O2 was included in reactions containing the 
Mn2+-activated spinach enzyme a similar amelioration of the decline in luminescence was 
seen (Figure 6.4A, Table 6.1). Therefore, the absence of a comparable H2O2 effect on 
Synechococcus  Mn2+-rubisco luminescence (Figure 6.42?, Table 6.1) may be an 
indication that inhibitory failover products do not contribute to its inactivation.
Pre-activated spinach Mn2+-rubisco can be added to reactions containing as low as 0.1 
mM MnCl2 without a loss in luminescent activity, provided RuBP is present (Lilley et 
al., 1993). However, in the case of Synechococcus Mn2+-rubisco a decline in activity 
occurred when the concentration was decreased below 0.5 mM MnCl2 (Chapter 4, 
Figure 4.2). Therefore, if the oxygenase-independent decline is due to decarbamylation, 
it may be that a more rapid and extensive loss (Table 6.1) occurs for the cyanobacterial 
enzyme because of a lower affinity of manganese for its active site.
6.3.6 Comparison of the oxygenase-independent inactivation of Mn2+- 
activated R.rubrum  and Synechococcus rubiscos.
The affinity of manganese for carbamylated rubisco from R.rubrum  appears to be even 
lower than that of the Synechococcus enzyme. Decreased activity resulted when the fully 
activated L2 Mn2+-rubisco was added to reactions containing less than 2 mM MnCl2 (see 
Section 4.2.2).
Furthermore, while it appears that the rates of activity loss vary, the overall extent of the 
oxygenase-independent inactivation is similar for these Mn2+-rubiscos. In 02-free 
reactions, the carboxylase activity of the Synechococcus enzyme after 5 minutes was 
about 90 % of that at 1 minute. In the following 60 minutes the activity had declined to 
about 30 % (Figure 6.3B). In identical conditions, after 5 minutes R.rubrum  activity
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declined to about 52 % (of the rate measured at 1 minute) and after 60 minutes the 
activity was 42 % (Figure 6.3C). Therefore, it may be that a progressive decline in the 
amount of rubisco in its active (ECMn) state contributes to the inactivation of both the L2 
bacterial and the LsSs cyanobacterial Mn2+-rubiscos. The significant kinetic differences 
between the inactivation of these two Mn2+-rubiscos could reflect the establishment of a 
new equilibrium between the active and inactive states of Mn2+-rubisco sooner (after 
RuBP addition) for the R.rubrum  enzyme.
CHAPTER SEVEN
CHARACTERISATION OF Mn2+-LUMINESCENCE FOR A SITE-DIRECTED
MUTANT RUBISCO
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7.1 INTRODUCTION
The luminescence of Mn2+-rubisco has the potential to provide an additional means for 
screening the properties of site-directed mutant enzymes and providing further insight 
into the rubisco oxygenation. However, published accounts of the luminescence of 
mutant rubsicos offer little information in this regard. Lee and McFadden (1992) 
measured luminescence time-courses for mutants of the rubisco from Anacystis nidulans 
substituted with different residues at Ser376. For one of the mutant enzymes, 
luminescence and oxygen consumption were compared and both appear to be reduced to 
a similar extent relative to the wild-type. However, a subsequent study of mutants altered 
at position Leu332 by this group (Lee, McDonald and McFadden, 1993) yielded highly 
divergent rates of luminescence, and a complete absence of correlation of luminescence 
and oxygen consumption. They concluded from these observations that the two 
processes are not directly coupled and questioned the validity of using the luminescent 
assay for comparing mutant and wild-type oxygenase activities.
The first aim of the work described here was to measure the luminescence of the E48Q1 
mutant of R.rubrum  rubisco (Hartman et al., 1987). The rate of oxygen consumption 
catalysed by the Mn2+-activated form of the E48Q mutant was also measured. This 
chapter extends the investigation of the use of Mn2+-rubisco luminescence for the study 
of a mutant rubiscos to an examination of the light emission in the time preceding the 
onset of a steady-state signal.
Varying manganese concentration significantly alters both the luminescence intensity and 
the rate of oxygen consumption of the wild-type Mn2+-activated R.rubrum  enzyme
1 E48Q refers to the rubisco from R.rubrum for which Glu48 has been replaced with a glutamine 
residue. The numbering here refers to the sequence of the R.rubrum enzyme. Glu48 of R.rubrum rubisco 
corresponds to Glu60 of the spinach enzyme.
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(Chapter 4). Therefore, the effect of Mn2+ concentration on the time-course for E48Q 
luminescence was examined.
The E48Q mutant catalyses the formation of an oxygenase-dependent side-reaction 
product (Chen and Hartman, 1995). Chemical characterisation identified it as D-glycero- 
2,3-pentodiulose-l,5-bisphosphate and hence, established a peroxy intermediate derived 
from RuBP as its precursor. The isolated product derived from [1-3H ]R uBP was 
oxidatively cleaved in the presence of hydrogen peroxide with Pglycolate as the only 
labelled product. Therefore, to investigate the possible occurrence of inhibition due to 
binding of this dicarbonyl bisphosphate, the influence of including H2O 2 on E48Q 
luminescence was also examined.
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7 .2  R E S U L T S
7 .2 .1  L u m in e sc e n c e  fo r  an M n 2 + -a c tiv a te d  E 4 8 Q  m u ta n t r u b isc o  from  
R .rubrum .
A maximum emission (about 30 mV/nmol sites) was recorded for the E48Q mutant Mn2+- 
rubisco within 1 second of initiating catalysis by adding RuBP to pre-activated enzyme 
(Figure 7.1). This was immediately followed by a rapid decline in activity. In the 
presence of 2 mM MnCl2 the intensity decreased to 3 mV/nmol sites at 5 s (a 90 % decline 
between 1 and 5 seconds) and after 180 s, the signal was 0.25 mV/nmol sites. Increasing 
MnCl2 concentration to 5 mM increased the steady-state signal about 4-fold and reduced 
the intensity of the maximum by about 10 %.
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Figure 7.1 Time-course for the mutant E48Q R.rubrum Mn2+-rubisco luminescence. The effect of 
two different MnCl2 concentrations is shown. The E48Q mutant rubisco was pre-activated in a buffer 
containing 50 mM EPPS/K+, 0.1 mM Na2EDTA, 40 mM N aH C03, 2 or 5 mM MnCl2, pH 8.1, at 
room temperature. Reactions were initiated by adding 100 pM RuBP (as a 10 pi aliquot) to 500 pi of 
the pre-activation mixture. Inset, the first 5 seconds of the same reactions.
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7.2.2 Comparison of luminescence intensity and oxygen uptake rate for 
the E48Q R.rubrum Mn2+-rubisco.
The rate of oxygen consumption catalysed by the E48Q mutant rubisco was 1.8 % of the 
activity of the wild-type R.rubrum  Mn2+-rubisco (Table 7.1). The luminescence intensity 
(averaged between 30 and 60 s) was 4.5 % of the wild-type intensity. The correlation 
factor of 2.8 indicates that the E48Q mutant emits more than twice as much light per mole 
of oxygen consumed than the wild-type R.rubrum  rubisco. The peak emission (at 1 s) for 
the mutant rubsico was 55.6 % of the wild-type maximum (at 0.25 s ) .
Table 7.1 Comparison o f lum inescence intensity and oxygen uptake rate catalysed by the E48Q 
mutant R.rubrum Mn2+-rubisco. The E48Q mutant rubisco was pre-activated in a buffer containing 50 
mM EPPS/K+, 0.1 mM Na2EDTA, 40 mM NaHCC>3, 2 mM MnCl2, pH 8.1, at room temperature. 
Reactions were initiated by adding 100 pM RuBP (as a 10 pi aliquot) to 500 pi of the pre-activation 
mixture. Oxygen consumption was measured (using an oxygen electrode, as described in Section 2.2.2) 
for reactions containing 8.35 nmol rubisco sites per 500 pi reaction. Luminescence intensity was 
measured (as described in Section 2.2.1) for reactions containing 3.80 nmol sites per 500 pi reaction.
E48Q mutant R.rubrum 
Mn2+-rubisco activity
% of wild-type
Oxygen uptake rate 
{nmol 02lmin/nmol sites) 0.48 ± 0.02 1.8fl
Luminescence intensity 
{mV/nmol sites)
averaged 30-60 s emission 1.34 ± 0.12 4.5*
peak emission at 1 s 27.80 ± 0.89 55.6
Correlation factor 
(mV/nmol 02 -min) 2.8
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a The oxygen uptake rate for the mutant was compared to the value previously reported for the wild-type 
R.rubrum Mn2+-rubisco shown in Table 3.2.
b The wild-type luminescence intensities were taken from Figure 4.9 (reactions containing 30 mM 
NaHC03 were used for the comparison).
c The correlation factor for the wild-type was taken as the value shown in Table 3.1.
7 .2 .3  T im e -c o u r se  for  M n 2 + -a c tiv a te d  R . r u b r u m  E 48Q  m u tan t  
r u b isc o  c a ta ly s is .
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An extended time-course for luminescent activity was also measured for the E48Q mutant 
R. rubrum  rubisco (Figure 7.2). Following the initial, rapid decay of intensity of 
luminescence, the decline in activity observed between 5 and 60 minutes was similar to 
that of the wild-type enzyme (Section 6.2.1).
Time (seconds)
Figure 7.2 An extended time-course for E48Q mutant rubisco luminescence measured over 60 
minutes. Reaction conditions were as described in Figure 7.1. The parameters for the decay in 
intensity measured between 5 and 60 minutes are shown. These values were determined by fitting the 
data to the function shown in the legend to Table 6.1.
7 .2 .4  R esp on se  o f  lu m in escen ce  by the E 48Q  R . r u b r u m  M n 2+-ru b isco  to  
su c cess iv e  a d d itio n s  o f  R u B P .
The initial, peak luminescence exhibited by the E48Q mutant was further characterised by 
adding a second aliquot of RuBP to reactions in which all luminescence activity had ceased 
due to RuBP depletion. The addition of fresh substrate produced a transient initial peak 
similar to that seen after the first RuBP addition (Figure 7.3). For each addition, the 
maximum luminescence intensity occurred at 1 s and following this, the activity declined
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rapidly within the next few seconds (Figure 7.4). Overall the intensity of the peak upon 
the second addition of RuBP was slightly more than two thirds of that produced by the 
first RuBP addition. The signal after 3 seconds had elapsed was reduced to about 50 % 
(Figure 7.4C).
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Figure 7.3 The response of E48Q mutant rubisco luminescence to serial addition of two aliquots each 
containing 50 nmoles RuBP. Reactions were performed as described for Figure 7.1, with the exception 
that the reaction was allowed to continue until the luminescence had completely ceased due to substrate 
depletion at which time fresh substrate was added to the reaction.
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Figure 7.4 Detail of the reaction shown in Figure 7.3. A, the time-course from 0 to 10 seconds. B, 
the initial 10 seconds of the reaction upon addition of a second aliquot of RuBP. C, the ratio of 
luminescence of the second peak (plot B) to that of the initial peak (plot A) during the 10 s after RuBP 
addition.
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7.2.5 E ffects of H 2O 2 on the  lum inescence catalysed  by the E48Q m u tan t 
R .r u b r u m  M n2+-ru b isc o .
Including 1 mM H2O2 in reactions containing E48Q mutant Mn2+-rubisco did not alter the 
peak emission, which characteristically occurred at 1 second, but it reduced the extent of 
the subsequent decline in luminescence intensity (Figure 7.5A). Increasing the 
concentration of H2O2 to 2 mM further alleviated the decline in activity. The steady state 
luminescent activity was approximately 1.6 times higher than the control in reactions to 
which 2 mM H2O2 was added 10 seconds prior to initiating catalysis (Figure 7.55). A 
sharp increase in activity was caused by adding 2 mM H2O2 after about 5 minutes of 
reaction. The new "steady-state" intensity was about 2.3 times the activity of the control at 
the same time.
Time (seconds) H . . . . .
v J  0 8— 1____ 1____ I____ I------ 1------ 1------ 1------ L-1
0 120 240 360 480
Time (seconds)
Figure 7.5 The effect of 1 mM and 2 mM H20 2 on E48Q mutant rubisco luminescence. Reactions 
were performed as described for Figure 7.1, with the exception of including H20 2, which was added as an 
aliquot of a 100 mM solution. A, the initial 10 seconds of reactions to which hydrogen peroxide (5 pi 
or 10 pi) was added 10 seconds prior to initiating catalysis. B, shows reactions over 480 s. Hydrogen 
peroxide (10 pi) was added either 10 seconds prior to initiating catalysis or after 5 minutes of reaction.
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7.3 DISCUSSION
7.3.1 The E48Q mutant R .r u b r u m  Mn2 + -rubisco exhibits an initial 
"burst" of luminescence.
The time-course for E48Q mutant R.rubrum  Mn2+-rubisco luminescence (Figure 7.1) 
resembled that of the wild-type enzyme in the initial few seconds. It rapidly reached a 
maximum intensity which subsequently decayed within seconds. For E48Q, the increase 
in luminescence upon addition of RuBP took about 1 s to peak, slower than the wild-type 
which reached its maximum between 0 and 0.25 s. Also the decay of the maximum 
signal for E48Q was more extensive than the wild-type. The signal approached a steady 
state which was about 5% of the peak, whereas the wild-type retained about 50% of its 
initial maximum activity (Figure 3.3).
7.3.2 Steady-state luminescence and oxygenase activities for the E48Q 
mutant rubisco.
The low oxygenase activity for Mn2+-activated E48Q (1.8 % compared to wild-type, 
Table 7.1) indicates that the mutation significantly impairs Mn2+-activated rubisco turn­
over. Lee et al. (1993) measured a carboxylation rate for Mg2+-activated E48Q rubisco 
that was 0.6 % of wild-type activity. The luminescent activity of E48Q (averaged 30 to 
60 s signal) was 4.5 % of the wild-type which indicates that the mutation at Glu48 
increased the quantum efficiency of the rubisco oxygenase-coupled light emission. The 
correlation factor was 2.8 mV/nmol 02.min (Table 7.1), 2.13 times the value of the wild­
type enzyme (Table 3.1).
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7.3.3 Further characterisation of the initial (0 to 10 s), rapid decline in 
E48Q mutant Mn2+-rubisco luminescence intensity during catalysis.
Similar to the wild-type enzyme (Section 4.2.2), higher MnCl2 concentrations reduced 
the extent of the decline of the peak luminescent emission for E48Q (Figure 7.1). 
Increasing manganese from 2 to 5 mM resulted in a 4-fold increase in the steady-state 
signal. The effect of increasing manganese concentration can be interpreted as an 
amelioration of an RuBP-induced decline in the amount of E48Q rubisco in the active 
state. This interpretation was also applied to the similar (but less extensive) decline in 
R.rubrum  rubisco (wild-type) luminescence (Section 4.3.4).
Including H2O 2 in reactions containing E48Q suggested that a further mechanism 
contributes to the inactivation during catalysis. The extent of the initial decline in E48Q 
luminescence was reduced (Figure 7.5A) and the steady-state activity was increased in 
the presence of H2O2 (Figure 7.52?). The E48Q mutation increases misprotonation of the 
enediol(ate) of RuBP (Lee et al., 1993). The inactivation or failover of higher plant 
rubisco catalysis has been attributed to the inhibitory products of this side-reaction 
(Edmondson et al., 1990a; see Section 1.2.5). By some unknown action, hydrogen 
peroxide reduces the failover of spinach rubisco activity (Badger et al., 1980; see also 
Figure 6.4). Therefore, there is a possibility that H2O2 has a similar influence on E48Q 
luminescence.
Adding hydrogen peroxide to a reaction which had already attained its steady-state 
produced a rapid increase in intensity (Figure 7.52?). Chen and Hartman (1995) reported 
that an E48Q rubisco oxygenase side-reaction product, D-g/ycero-2,3-pentodiulose-l,5- 
bisphosphate (see Section 1.3.4.9), is oxidatively cleaved by H2O2 to form Pglycolate 
and PGA. Therefore, it is likely that H2O2 to an extent reduces a catalytic impairment 
which is caused by an oxygenase side-reaction product.
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7.3.4 Inactivation may not completely account for the initial rapid decline 
in E48Q luminescence.
The nature of the initial (0 to 10 s) time-course for E48Q luminescence was further 
investigated by adding a small amount of RuBP, and allowing it to be completely 
consumed. Upon a second addition of substrate, the characteristic "burst" re-occurred 
(Figure 7.3). This indicates that if the rapid decline in luminescence is due to enzyme 
inactivation then, clearly it must be RuBP-dependent and reversible.
Increasing M nCl2 from 2 to 5 mM reduced the decline in activity by only about 2 %, 
relative to the peak emission (Figure 7.1), whereas a similar increase in manganese 
concentration almost completely eliminated the rapid decline in wild-type luminescence. 
Adding 2 mM H2O 2 reduced the decline in activity by less than 5 % of the initial 
maximum intensity. Therefore, it is unlikely that enzyme inactivation, whether by a 
decrease in activation state or by the formation of a tight-binding side-reaction product 
can completely account for the greater than 90 % decline from peak to steady-state E48Q 
luminescence.
In spite of its greatly reduced carboxylase activity, the Mg2+-activated form of E48Q 
catalyses enolization at 10 % of the wild-type activity (Lee et al., 1993). The rate of 
enediol formation for the M n2+-activated E48Q mutant remains to be determined. 
However, if the M n2+-form similarly catalyses enolization at a rate which exceeds 
oxygenase turn-over, this would confirm that the decline from the maximum to steady- 
state luminescence activity (from more than 50 % to 4 % of wild-type) is not due to a 
decline in the amount of rubisco in its catalytically active form.
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7.3.5 The "burst' in E48Q luminescence may reflect the kinetics of an 
oxygenase partial reaction event.
According to the mechanism proposed in Chapter 5 (Figure 5.12), the intensity of Mn2+- 
rubisco luminescence should be dependent upon the rate of formation of the excited 
oxygenase reaction intermediate (the precursor to manganese excitation and light 
emission). Therefore, the initial period (0 to 1 s) of the time-course for E48Q rubisco 
luminescence in which intensity increases to a maximum is likely to reflect the kinetics of 
rubisco oxygenation up to the point of excited state formation. The lower intensity of the 
maximum luminescence (55.6 % of wild-type), and the longer time taken for it to be 
reached compared to the wild-type R.rubrum  rubisco would then indicate the extent to 
which the events to this stage of the oxygenase reaction sequence are impaired by the 
mutation at Glu48. If this is so, then it must follow that the events leading to excited state 
formation are considerably less impaired than the overall reaction sequence.
Compared to the wild-type rubisco, E48Q emits about 2.1 times as much light per mole 
of oxygen consumed (Table 7.1). Taking this factor into account suggests that the 55.6 
% reduction (compared to wild-type) of the maximum light intensity (Table 7.1) 
represents a 26.5 % reduction in the rate of oxygen consumption (in the initial catalytic 
cycle).
Mg2+-activated E48Q catalyses enolization at 10 % of the wild-type rate (Lee et al, 1993). 
Since formation of the oxygenase-dependent excited state must follow enolization and a 
reaction involving oxygen, a similar reduction of these activities would indicate that the 
latter event is actually unaffected by the mutation at Glu48. Tapia et al. (1994) speculated 
that mutations which alter Loop 6 orientation (See Section 1.3.4.6) may influence the 
addition of carbon dioxide to the enediol more than oxygen addition. In the activated 
rubisco-CABP complex, Glu60 (corresponding to Glu48 of the R.rubrum  enzyme) 
influences the positioning of Lys334 (Lys329 of R.rubrum  rubisco) through an inter-
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subunit bridge (Figures 1.7 and 7.6; Knight et a l ,  1990; Newman and Gutteridge, 
1993). Lys334, which is situated at the tip of Loop 6 coordinates to one of the C2 
carboxyl oxygens of CABP and this, with the interaction of the second carboxyl oxygen 
to the divalent metal ion, infers a role in orientating the CO2 molecule and producing a 
geometry which favours formation of the carboxylate. However, this residue would not 
be expected to enhance a reaction between the enediol and dioxygen (Figure 7.6). The 
shift in relative specificity in favour of oxygenation for the Mg2+-activated E48Q mutant 
(0.3 compared to the 11 for the wild-type; Lee et al., 1993) is also consistent with this 
hypothesis.
Carbon dioxide addition
Ri
Oxygen addition
Figure 7.6 A hypothetical representation of the C2 region of the carboxylated and oxygenated 
transition states derived from RuBP (based upon the structure of active rubisco-CABP complex; Newman 
and Gutteridge, 1993; see Figure 1.7). The Glu48 residue is denoted with the suffix B to indicate its 
location in the other sub-unit of the L2 dimer.
For the Mg2+-activated E48Q mutant rubisco, enediol formation must precede the major 
rate-determining events. If the oxygen addition step is uninfluenced by the mutation at 
Glu48 it must similarly precede these rate limiting events. The low catalytic rate for 
Mn2+-activate rubisco oxygenase (1.8% of wild-type) indicates that the decline in E48Q 
luminescence in the early stages of catalysis must occur within the time taken for the 
initial few turn-overs.
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In the initial catalytic turn-over, the rate of enediol formation will be a significant 
determining factor for the rate of excited state formation and the intensity of light 
emission. However, once the initial oxygenase-dependent excited state has been formed, 
the events (ending in product release) which impose the major rate limitation on the 
catalytic cycle will determine the intensity of the light emission. That is, the maximum 
E48Q luminescence and the decline which occurs in the initial few seconds directly reflect 
a burst in the rate of formation of an oxygenated reaction intermediate.
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CHAPTER 8 Characterisation of the source of Mn2 + - r u b i s c o  
luminescence: Effects of inhibitors and spectra of emission.
CHAPTER EIGHT
CHARACTERISATION OF THE SOURCE OF Mn2+-RUBISCO 
LUMINESCENCE: EFFECTS OF INHIBITORS AND EMISSION SPECTRA
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8.1 INTRODUCTION
Published accounts of rubisco luminescence disagree with respect to the ultimate source 
of the emission (Section 1.4.1). Mogel and McFadden (1990) interpreted the inhibitory 
effects of compounds known to react with singlet oxygen as supporting their conclusion 
that rubisco luminescence is a "dimol" emission from singlet oxygen (Section 1.5.4.8). 
The aim of the work in this chapter was to examine the effects of singlet oxygen 
quenchers in more detail. Effects on luminescence intensity, rubisco catalysed oxygen 
uptake and carbon fixation are determined. In some instances the effects on rubisco 
activated with Mn2+ and Mg2+ and rubiscos from different species are compared.
The spectrum for spinach Mn2+-rubisco luminescence determined by Lilley et al. (1993) 
was inconsistent with an emission resulting from singlet oxygen. This emission 
appeared as a broad band commencing at around 660 with an apparent peak at about 770 
nm but extended beyond the limits of their detector at 800 nm. The second aim of this 
work was to re-examine the emission spectrum for luminescence and to extend the 
wavelength range further into the near infra-red using different instrumentation and 
procedures. R.rubrum  rubisco luminescence has characteristics which differ from the 
LsSs enzymes. Therefore, its emission spectrum was also measured and compared to the 
spinach rubisco emission.
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8.2 RESULTS
8.2.1 A survey of the effects of some compounds on Mn2 + -activated 
rubisco luminescence.
The influence of a range of potential oxygenase and luminescence-affecting compounds
on the intensity of Mn2+-activated spinach rubisco luminescence is shown in Table 8.1.
Table 8.1 The effect of certain compounds on the intensity of Mn2+-activated spinach rubisco 
luminescence. Each compound (concentration indicated in parentheses) was added to reaction mixtures 
(25 mM K+/EPPS buffer containing 200 pM RuBP, 0.1 mM EDTA, 2 mM MnCl2, 0.2 mM 
NaHC03, pH 8.1 at 25 °C) 30 seconds prior to initiation of catalysis with an aliquot of preactivated 
enzyme (0.363 nmol sites per 500 ¡xl reaction). Reactions were performed in triplicate. The 
luminescence intensity at 60 seconds in the presence of each compound is expressed as a percentage of 
the control activity.
Inhibitor Activity as % of control
Control 100
Ascorbic acid (5 mM) 105.6
(10  mM) 72.1
Sodium azide (2  mM ) 4.6
Potassium thiocyanate (2 mM ) 90.0
(5 mM ) 74.6
Hydroxylamine (5 mM) 22.0
Hydrogen peroxide (2 mM) 41.5
(10  mM ) 11.9
DABCO (1 mM ) 102.1
Catalase (20  units) 105.9
Lucigenin (80  jxM)* 100.0
* A positive control was performed by including 5 mM ascorbic acid in the reaction. Ascorbic acid in 
the presence of sodium hydroxide is known to stimulate lucigenin luminescence (Klopf and Nieman, 
1985). Immediately after adding lucigenin, a 10 pi aliquot of 0.1 M NaOH was injected into a rubisco 
reaction buffer containing ascorbic acid. This initiated a burst of luminescence (data not shown). No 
light emission was seen when the NaOH/ascorbic acid reaction was performed in the absence of 
lucigenin.
Several of these compounds strongly inhibited rubisco activity, including the potential 
singlet oxygen quenchers, sodium azide and ascorbic acid. Hydrogen peroxide and
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hydroxylamine both inhibited rubisco luminescence. Addition of thiocyanate, which was 
included because of its similarities to the azide anion, also reduced luminescence 
intensity. DABCO and lucigenin had no effect on the luminescence.
8.2.2 Effects of ascorbic acid and H 2O 2 on M n2+-rub isco  activ ity .
The presence of 5 mM ascorbic acid had no effect on the maximum luminescence for 
M n2+-activated spinach rubisco (Table 8.1, Figure 8.1). When the concentration of 
ascorbic acid was increased to 10 mM the luminescence was reduced to 72.1 %. For 
reactions containing ascorbic acid the maximum emission occurred sooner and the extent 
of the subsequent decline was noticeably reduced, compared to the control. In the 
presence of 10 mM ascorbic acid, spinach Mn2+-rubisco oxygen uptake was also reduced 
by about 20 % (data not shown).
F igure 8.1. Effect of ascorbic acid on spinach Mn2+-rubisco luminescence. Reactions were 
performed as described in the legend to Table 8.1 Ascorbic acid was added as an aliquot of a 250 mM 
solution (adjusted to pH 3.0 using 1 N NaOH) immediately after adding RuBP (about 30 seconds prior 
to adding activated rubisco).
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H2 O2 inhibited rubisco luminescence and also ameliorated the decline in intensity over 5 
minutes (Figure 8.2A). Adding 20 units of catalase virtually eliminated the effects of 
H 2 O 2 on the decline in activity (Figure 8.2B). However, including this amount of 
catalase did not eliminate the similar effect of ascorbic acid (Figure 8.2C).
Figure 8.2 Effects of H2O2 and ascorbic acid on spinach Mn2+-rubisco luminescence. Reaction 
conditions were as described for Figure 8.1. A, shows the effect of 2 mM H2O2 on spinach Mn2+- 
rubisco luminescence. B, shows the effect of including 20 units of catalase on the inhibition caused by 
H2O2. C, shows the influence of catalase on the inhibition caused by ascorbic acid.
167
8.2.3 Non-enzymic reactivity of ascorbic acid with oxygen in the 
presence of Mn2+.
The rates of an oxygen-consuming reaction involving ascorbic acid in the presence of 
Mn2+ and Mg2+ were determined (Table 8.2). Even in the absence of divalent metal ion 
a significant rate of oxygen consumption was initiated by the addition of 10 mM ascorbic 
acid to reaction buffer. Including 20 mM MgCl2 had no effect of the rate of the reaction. 
In the presence of 1 mM M11CI2, oxygen consumption was increased by about 350 %. 
Adding 15 units of catalase reduced this rate from 350 to 169 %.
Table 8.2 Characterisation of a non-enzymic, ascorbic acid-dependent oxygen-consuming reaction in 
the presence of MnCl2. Rates of oxygen uptake (in the absence o f rubisco and RuBP) were measured 
upon adding 10 mM ascorbic acid (a 10 pi aliquot of 500 mM ascorbate, adjusted to pH 3.0 with 1 N  
NaOH) to 25 mM K+/EPPS, 0.1 mM EDTA in MnCl2 or MgCl2 as indicated, 500 pi final reaction 
volume, pH 8.1 and 25 °C. After two minutes, 15 units of catalase was added to the reaction. Each 
reaction was performed in triplicate.
Me2+-free 1 mM MnCl2 20 mM MgCl2
O2 uptake after adding 
10 mM ascorbic acid 
(nmol 02/miri)
1.32 ± 0.15
(control)
4.64 ± 0.11 1.35 ± 0.15
Rate after adding 
15 U catalase 
(nmol 02/min)
1.27 ± 0.20 2.14 ± 0.14 1.25 ± 0.14
Influence of Me2+ 
on O2 uptake 
(% of control rate)
100 351.5 102.3
Influence of Me2+ 
after adding catalase 
(% of control rate)
96.2 168.5 98.4
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8.2.4 Effects of sodium azide on rubisco activity.
The oxygenase and carboxylase activities of Mn2+-activated spinach rubisco in 2 mM 
sodium azide were reduced similarly to about 20 and 25 % of the control (Table 8.3). 
However, the luminescence intensity for the spinach enzyme was more strongly 
inhibited, to about 5 % of the control activity. Mg2+-activated spinach rubisco oxygenase 
and carboxylase activities were unaltered in the presence of 2 mM azide.
The oxygen uptake rate and carboxylase activity for R.rubrum  Mn2+-rubisco were 
inhibited to a comparable extent in 2 mM azide (Table 8.3). As with spinach rubisco, 
luminescence intensity was reduced more than the oxygenase and carboxylase activities. 
Overall, the extent of inhibition was less than for the higher plant rubisco, with the 
bacterial enzyme showing between 50 to 67 % of the control activity.
When 2 mM sodium azide was included in R.rubrum Mn2+-rubisco reactions containing 
MnCl2 concentrations ranging from 2 to 10 mM, there was no difference in the extent of 
inhibition (expressed as % of control) (Figure 8.3). Below 2 mM MnCl2 (down to 40 
pM) the extent of inhibition increased, however, this further reduction in manganese 
concentration was also accompanied by a significant loss in activity in the control 
reactions which did not contain azide (see Section 4.3.4).
Sodium azide did not alter the profile of the time-course of R .rubrum  rubisco 
luminescence over the first 5 seconds (Figure 8.4).
The kinetics of the inhibition of R.rubrum  rubisco luminescence over a range of sodium 
azide concentration were determined with respect to RuBP (Figure 8.5). Graphical 
treatment of the data approximates a linearly uncompetitive inhibition.
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Table 8.3 Influence o f 2 mM sodium azide on rubisco activity. Rubisco luminescence, oxygen 
uptake rates and *4C fixation rates were determined for spinach rubisco activated with Mn2+ or Mg2+ 
and for R.rubrum rubisco activated with Mn2+. Reactions were as indicated in the legend to Table 8.1. 
Carboxylase assays were performed as described in Section 2 2.3. Reactions were performed in 
triplicate.
control 2 mM azide Activity with azide 
as % of control
spinach ECMn
Luminescence
(mV/nmol sites)
70.0 ± 0.0 3.4 ± 0.4 4.9
Oxygen uptake
(nmol/min/nmol/sites')
14.6 ± 0.8 3.1 ± 0.2 21.2
14C02 fixation
(nmol/min/nmol/sites)
19.0 ± 1.0 4.8 ± 0.4 25.3
spinach ECMg
Luminescence 
(mV/nmol sites)
0 0 -
Oxygen uptake
(nmol/min/nmol/sites')
10.3 ± 0.1 9.9 ± 0.4 96.1
14C02 fixation 
(nmol/min/nmol/sites)
135.9 ± 8.7 142.4 ± 3.0 104.8
R .rubru m  ECMn
Luminescence
(mV/nmol sites)
55.6 ± 2 . 6 29.4 ± 0.6 52.9
Oxygen uptake 
(nmol/min/nmol/sites)
57.3 ± 4.6 38.4 ± 1.1 67.0
14C02 fixation
(nmol/min/nmol/sites)
40.8 ± 4.4 24.5 ± 3.6 60.0
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Figure 8.3 The inhibition of R.rubrum 
M n 2 + -rubisco lum inescence in the 
presence of 2 mM NaN3 versus MnCl2 
concentration. Reactions were initiated by 
adding preactivated rubisco (99 pmol 
rubisco sites per 500 pi reaction). Azide 
was added as an aliquot of a 100 mM 
solution using an automated injector 10 
seconds after initiating catalysis. The 
activity in the presence of azide refers to 
the luminescence intensity at 20 seconds 
as a % of the intensity immediately prior 
to adding azide.
F igure 8.4 The influence of sodium 
azide on the 5 second time-course for 
R.rubrum rubisco luminescence. 2 mM 
sodium azide was added immediately after 
RuBP (about 30 seconds before initiating 
catalysis with activated enzym e). 
Reactions were otherwise conducted as 
described in the legend to Figure 8.3. 
Inset, shows the activity in the presence 
of 2 mM azide as a percentage of the 
control activity for the first 5 seconds.
0.0 0.5 1.0 1.5
l/[RuBP] (mM)-l
0 2 4 6 8
[NaN3] (mM)
Figure 8.5 Inhibition of R.rubrum Mn2+-rubisco luminescence by sodium azide. Reactions were 
performed as described for Figure 8.3. Azide was added by injector 5 seconds after adding rubisco. The 
concentrations of RuBP and sodium azide were varied as indicated. A, Lineweaver-Burk plots for 
R.rubrum Mn2+-rubisco luminescence versus RuBP concentration in the presence of different 
concentrations of sodium azide. B, shows a plot of the y-intercepts versus sodium azide concentration.
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8.2.5 Response tim es for inh ib ition  of rubisco  lum inescence.
The response time for complete inhibition was the same for all inhibitory compounds 
tested on spinach rubisco. That is, in each case, the inhibitor-induced decline in activity 
was complete between 4.0 to 4.5 seconds (Figure 8.6). Response times for the 
inhibition of R.rubrum and Synechococcus Mn2+-rubisco luminescence by sodium azide 
were more rapid; about 1.0 and 2.0 seconds, respectively (Figures 8.7A and 8.7B).
Figure 8.6 Time-courses for the action of some inhibitors of spinach Mn2+-rubisco luminescence. 
Reactions were performed as described in the legend to Table 8.1. Effects of hydrogen peroxide (A), 
hydroxylamine (B) and sodium azide (C) added 10 seconds after the initiation of catalysis are shown.
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Figure 8.7 Time-courses for the inhibition of R.rubrum (A) and Synechococcus (B) Mn2+-rubisco 
luminescence by 2 mM sodium azide.
8.2.6 E m ission sp ec tra  fo r the lum inescence from  spinach and  R .r u b r u m  
M n 2+-ac tiv a ted  rub iscos.
An emission spectrum for the spinach Mn2+-rubisco luminescence was obtained using 
interference filters with a band-pass of approximately 10 nm (Figure 8.8A). The lack of 
coverage between 700 and 800 nm in the data was due to the unavailability of filters for 
this region. The interpolated data sets reveal a broad emission band between 600 and 900 
nm, with a peak in the region of 750 nm. The spectrum measured for the emission from 
the R.rubrum  Mn2+-rubisco was similar to that measured for the spinach enzyme (Figure 
8.8 B).
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Figure 8.8 Emission spectra for the luminescence from spinach and R.rubrum Mn2+-rubisco. Spectra 
were measured as described in Section 2.2.6. The curves are best-fit approximations made by eye.
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8.3 DISCUSSION
8.3.1 Sodium azide inhibits Mn2+-rubisco catalysis.
In spite its reactivity towards singlet oxygen, the inhibitory effect of sodium azide on 
rubisco luminescence (Mogel and McFadden, 1990) does not provide evidence for singlet 
oxygen formation.
Sodium azide inhibited Mn2+-activated rubisco luminescence, oxygen uptake and 14C 
fixation (Table 8.3). Mn2+-rubisco oxygenation and carboxylation were inhibited to a 
similar extent. This and the absence of an inhibition of Mg2+-rubisco activity suggests 
that the azide anion inhibits by complexing directly with the active site Mn species (see 
Section 8.3.4). However, since it reduced luminescence to a greater extent than the 
oxygenase and carboxylase activities, its action may not completely be accounted for by 
this mechanism. The small size of the azide anion possibly allows it to enter the rubisco 
active site during catalysis to cause an additional quenching of light emission.
8.3.2 Ascorbic acid inhibits Mn2+-rubisco catalysis and reduces the time- 
dependent decline of spinach Mn2+-rubisco luminescence.
The similar inhibitory effects of ascorbic acid on Mn2+-activated spinach rubisco oxygen 
uptake rate and luminescence also indicates that its influence cannot be taken as evidence 
for singlet oxygen formation.
Significant rates of oxygen consumption detected in the presence of ascorbic acid (in the 
absence of rubisco and RuBP) indicate that it is readily oxidised in rubisco reaction buffer 
(Table 8.2). This reaction was accelerated by Mn2+. Oxidation of ascorbic acid to 
dehydroascorbate in the presence of Cu2+ has been shown to generate H2O2 (Davies et 
a l., 1991). Presumably, the reduction in the rate of oxygen consumption caused by
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adding catalase to the Mn2+-containing reactions (Table 8.2) was the net result of the 
ascorbic acid-dependent oxygen uptake minus the rate of oxygen evolution from the 
dismutation of H2O2 by catalase. This provides evidence that the Mn2+-dependent 
oxidation of ascorbic acid generates H2O 2, a known inhibitor of rubisco catalysis 
(Badger et al., 1980; Table 8.1).
The formation of H2O2 in solution may have also been the cause of the alleviation in the 
decline of Mn2+-rubisco luminescence in reactions which contained ascorbic acid (Figure
8.1). The effect is similar to an influence on rubisco failover that Badger et al. (1980) 
observed when they added H2O2 to reactions containing the Mg2+-activated enzyme. 
However, the effect is observed even at a concentration of ascorbic acid which does not 
inhibit luminescence (Figure 8.1) and, secondly, addition of catalase to Mn2+-rubisco 
reactions which contained ascorbic acid did not reverse the alleviation of the rate of 
inactivation (Figure 8.2). Possibly, the oxidation of ascorbic acid generates reactive 
oxygen species other than peroxide.
8.3.3 Singlet oxygen reactive compounds have no effect on the Mn2+- 
rubisco luminescence.
The inclusion of DABCO (l,4-diazabicyclo[2.2.2]octane) had no effect on the intensity 
of spinach rubisco luminescence (Table 8.1). DABCO is known to quench singlet 
oxygen (Ogryzlo and Tang, 1970), but it has also been reported to enhance 
chemiluminescence from a singlet oxygen 'dimol' emission (Deneke and Krinsky, 1976). 
In contrast to the result found here, Mogel and McFadden (1990) reported enhancement 
of Mn2+-rubisco luminescence in the presence of 0.5 mM DABCO. These authors did 
not demonstrate that the influence of DABCO occurred independently of rubisco oxygen 
uptake. Other evidence presented in this thesis shows that Mn2+-activated rubisco 
activity can vary significantly in different reaction conditions. It must be concluded that
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no substantial evidence for an enhancement of a dimol singlet oxygen emission is 
provided by the effects of DABCO.
Singlet oxygen stimulates lucigenin chemiluminescence (Allen, 1981). However, adding 
lucigenin failed to enhance the luminescence from Mn2+-rubisco.
Overall it can be concluded that the effects of sodium azide, ascorbic acid, DABCO and 
lucigenin on rubisco luminescence provide no evidence for the release of singlet oxygen 
by Mn2+-rubisco. Any inhibitory effects on light emission appear to be consistent with 
an influence on some process which is coupled to oxygenase turn-over and occurs within 
the Mn2+-rubisco active site. These findings highlight the need for caution when 
interpreting results obtained from the use of singlet oxygen quenchers (Foote, 1985). 
The main problem with the use of such compounds is their lack of specificity; singlet 
oxygen reactive species have low redox potentials and will react with any strong oxidant 
present.
8.3.4 Response-times for sodium azide inhibition are inconsistent with 
dimol singlet oxygen formation in solution.
The response-time for the action of azide on rubisco luminescence (Figures 6.4 and 6.5) 
is more consistent with the inhibition of a process occurring within the rubisco active site 
rather than a reaction in the bulk solution. This inhibition requires a time-scale of 
seconds for completion. In contrast, the life-time for singlet oxygen in water is 1.4 ps 
(Hamilton, 1974), hence the kinetics for a reaction with azide in solution would appear 
almost instantaneous on a time-scale of several seconds. While slowness of mixing 
could have delayed the apparent reaction time, the fact that a maximum intensity of 
R.rubrum  Mn2+-rubisco luminescence is reached within 0.25 s of adding RuBP (see 
Figure 3.3) indicates that mixing was complete well within the times taken for maximum 
inhibition by azide to occur. There also is a correlation between the time taken for
complete inhibition upon addition of sodium azide and estimates of apparent turn-over 
times for Mn2+-rubisco oxygenase (Table 8.4).
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Table 8.4. A comparison of approximate times for complete inhibition of Mn2+-rubisco luminescence 
upon addition of 2 mM sodium azide and estimates of apparent turn-over times for Mn2+-rubisco 
oxygenase.
Rubisco source aTime for inhibition 
of luminescence by azide
^Estimated apparent 
oxygenase turn-over time
(seconds) (seconds)
spinach 4 - 5 4.3
R.rubrum 1 0.9
Synechococcus 2 -2 .5 2.0
a Estimated from Mn2+-rubisco luminescence time-courses shown in Figure 8.6C (spinach), Figure 
8.7A (R.rubrum) and Figure 8.7B (Synechococcus).
b Calculated from the oxygen uptake rates shown in Table 3.1. For spinach and Synechococcus Mn2+- 
rubisco the rates were those determined in EPPS buffer; for R.rubrum the rate was that measured in Tris.
Other compounds which have previously been shown to inhibit rubisco catalysis were 
examined. Hydroxylamine (Okabe et al., 1979) and hydrogen peroxide (Badger and 
Andrews, 1980) both inhibited rubisco luminescence. The time-response for the 
inhibition of Mn2+-rubisco luminescence by these compounds was identical to that 
observed upon addition of azide (Figure 8.6).
8.3.5 Evidence for an interaction of azide with the rubisco active site 
Mn2+ ion.
Azide strongly inhibited Mn2+-rubisco catalysis but had little effect on Mg2+-rubisco 
carboxylation and oxygenation rates (Table 8.3). This suggests that the azide anion 
directly interacts with the active site Mn2+ ion. Further evidence supports this 
interpretation. The extent of inhibition of R.rubrum  rubisco luminescence was 
independent of manganese concentration between 2 and 10 mM (Figure 8.3A). This
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confirms that the effect of azide is unlikely to be caused by sequestration of Mn2+ in 
solution. The extent of inhibition for R.rubrum  rubisco luminescence (relative to the 
control) was constant in the initial 5 seconds of the reaction (Figure 6.3B) even though a 
significant decline in activity occurred in this time.
Mg2+ will only weakly complex with nitrogen-containing ligands (Cotton and Wilkinson, 
1988), which would explain why azide did not significantly inhibit Mg2+-activated 
rubisco activity. On the other hand, the azide anion is known to readily coordinate to 
Mn2+ complexes (Gutmann, 1968).
Precedence for the formation of a stable complex between azide anion and a transition 
metal ion in an enzyme active site is provided by the crystal structure for human carbonic 
anhydrase II (CAII) with azide anion coordinated to the active site Zn2+ species (Nair and 
Christianson, 1993). The approximately linearly uncompetitive inhibition of Mn2+- 
rubisco luminescence by sodium azide (Figure 6.4) resembles that determined for the 
inhibition of human CAII by Tibell et al. (1984).
The azide anion and carbon dioxide are molecules of similar size and conformation. This 
suggests that, if bound to the rubisco active site Mn2+, azide could occupy a similar 
position to carbon dioxide. In the report of the crystal structure of carbonic anhydrase 
(Nair and Christianson, 1993), azide binding was interpreted as occurring by 
displacement of a zinc-bound hydroxide and the terminal nitrogen atom of the azide anion 
(ie. that not coordinated to the zinc atom) was shown to be within hydrogen bonding 
distance of the NH group of a threonine residue. Crystal structures of spinach and 
Synechococcus rubisco complexed with CABP indicate that the C2 carboxyl oxygens are 
complexed to Mg2+ and Lys334 on Loop 6 (Knight et a l., 1990; Newman and 
Gutteridge, 1993; see Figure 1.7). This leads to the speculation that Lys334 interacts 
with the nitrogen atom which is terminal to the metal bound end of the azide molecule. 
That is, loop 6 would form part of the Mn2+-rubisco-azide anion complex.
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In this context, the lower degree of azide inhibition of Synechococcus and R.rubrum  
activity could indicate that loop 6 for these rubiscos stabilises the Mn2+-rubisco-azide 
complex to a lesser extent.
8.3.6 Emission spectra for the Mn2 + -rubiscos from spinach and 
R.rubrum  are consistent with luminescence of the active site Mn2+.
Here, it is shown that rubisco from both spinach and R.rubrum  have similar emission 
spectra despite the differences in some characteristics of the luminescence between the 
two species such as the response to temperature and pH (Chapter 5). The Mn2+-rubisco 
luminescence emission spectra determined here both extend and confirm the findings of 
Lilley et al. (1993) which were based only on spinach rubisco. The features of the 
emission spectrum appear consistent with that of transition metal ions, which peak 
typically in the red or near infrared (Crosby, 1975). Such emissions are generally weak 
as a result of low quantum yields. This further supports the conclusion (Lilley et al., 
1993) that the light emission results from the decay of an excited rubisco-complexed 
Mn2+ ion to its ground-state.
8.3.7 A comparison of acetolactate synthase and Mn2 + - r u b i s c o  
luminescence.
Singlet oxygen has been proposed as the source of the luminescence associated with the 
oxygenase reaction of acetolactate synthase (ALS) (Section 1.5.5). In the mechanism 
proposed for the oxygenase reaction of ALS, the catalytic cycle is completed by the 
release of an oxygenated product which decomposes to generate a stoichiometric 
equivalent of 0.5 mole of molecular oxygen per mole of oxygen reacted (Abell and 
Schloss, 1991). Since the decomposition of a singlet reactant would be expected to form
singlet products (Section 1.5.4.8), attributing the light emission related to the formation 
of singlet oxygen in solution for the ALS oxygenase reaction is reasonable.
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Table 8.5 A comparison of the luminescence from Mn2+-rubisco and acetolactate synthase. The 
values were calculated from data shown in the references indicated in the table. In each case the authors 
used a scintillation counter to measure luminescence.
enzyme Mn2+-rubisco 
Mogel and McFadden (1990)
acetolactate synthase 
Durner et al. (1994)
O2 uptake rate
(pm ol/m in/m g)
0.20 0.075
luminescence
(cpm /m g)
7.65 x 104 4.36 x 104
ratio 3.82 x 106 5.68 x 106
Comparing the published oxygenase activities and luminescence intensities of ALS 
(Durner et al., 1994) and Mn2+-activated rubisco (Mogel and McFadden, 1990) reveals 
that these enzymes generate comparable amounts of light per oxygenase turnover (Table
8.5). Mogel and McFadden (1990) proposed that the rubisco luminescence originates 
from singlet oxygen formed by a side-reaction involving a rubisco oxygenase reaction 
intermediate. However, the similar magnitude of ALS luminescence is generated by a 
reaction which is stoichiometrically coupled to product formation. Thus, in order to 
account for the intensity of luminescence observed, a rubisco emission originating from 
singlet oxygen would have to compete significantly with formation of PGA and 
Pglycolate.
Overall, from the evidence presented here it can be concluded that, although its formation 
and reaction within the active site1 cannot be discounted, singlet oxygen released to the 
bulk solution is not the source of the Mn2+-rubisco luminescence.
1 The mechanism for dimol singlet oxygen luminescence dictates that two singlet oxygen molecules 
would have to co-exist in the active site in order to form the singlet oxygen transition pair (Khan and 
Kasha, 1970).
CHAPTER NINE
CONCLUDING REMARKS
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9.1 Some general considerations regarding Mn2 + -activated rubisco 
catalysis.
9.1.1 The effects of the formation and reactivity of manganese complexes 
on Mn2+-rubisco activity.
Substitution of metallic enzyme co-factors with alternative metal ions can often provide 
information about catalytic function such as aspects of the coordination sphere of the 
metal and changes in redox state.
M n2+, Fe2+, Ni2+, Cu2+, Ca2+, and Co2+ have all been substituted for Mg2+ in the 
rubisco active site to form a catalytically active enzyme (Andrews and Lorimer, 1987). 
Of these cations, Mn2+-activation gives rubiscos activities which are closest to those of 
Mg2+-activated enzymes, although, significant changes in relative specificity do occur 
(see Section 1.2.4). Mn(II) and Mg(II) have similar ionic radii; 0.81 - 0.91 A for Mn2+ 
and 0.65 - 0.87 for Mg2+ (Cotton and Wilkinson, 1988).
Manganese is a D-block transition element. In general, equilibrium constants for 
complexes of the manganese(II) («d5 ) state are the lowest of those involving metals from 
the first series of D-block transition elements. This is because the Mn2+ ion, with its 
half-filled valence shell, has no ligand stabilisation energy (Cotton and Wilkinson, 1988). 
However, in spite of this, it is clear that manganese forms complexes in Mn2+-activated 
rubisco reaction buffers. Evidence that this considerably influences Mn2+-rubisco 
activity was discussed in Chapters 3 and 4. With the exception of the effects of reaction 
temperature and pH on Mn2+-activated R.rubrum rubisco luminescence, luminescence 
intensity and oxygen uptake rate responded similarly to a range of reaction conditions, 
inhibitors and enhancers. Therefore, it was concluded that these influences were due to 
effects on the activation state of the enzyme. However, a more definitive understanding 
will require further investigation, in particular the monitoring of rubisco carbamylation 
states under different conditions.
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Most of the effects of different reaction conditions on Mn2+-rubisco activity described 
here have not been reported previously. However, this only serves to highlight the fact 
that the activity of different Mn2+-rubiscos during the initial few catalytic turn-overs has 
not been observed in such detail before now. This illustrates one of the major advantages 
of using the chemiluminescence to study rubisco catalysis. Possible influences due to the 
presence of Mn2+ in solution must be considered when choosing reaction conditions for 
M n2+-activated rubisco catalysis and when interpreting data. This point is made 
particularly apparent by the large variations in Mn2+-activated R.rubrum rubisco activities 
(oxygenation, luminescence and carboxylation) when different compounds were used to 
buffer the reactions.
9.1.2 Reactions of manganese complexes and dioxygen with its reduced 
derivates.
In Chapter 4 it was also demonstrated that, in the presence of a suitable reducing agent, 
manganese complexes in rubisco reaction buffers will readily catalyse (non-enzymic) O2 
reduction. These observations are complemented by other examples in the literature of 
reactions involving Mn(II) and dioxygen and the more reactive derivatives of dioxygen 
(Pecoraro et al., 1994; Sawyer, 1991; Archibald and Fridovich, 1982).
Superoxide anion reacts with reduced transition-metal complexes, including those of 
Fe(II), Mn(II) and Co(II) (Sawyer, 1991). In the case of sterically-protected 
m etalloporphyrins (C lsT P P M n^ , for example; where ClsTPP = tetrakis[2,6- 
dichloropheny 1]-meso-porphyrin) it is thought that a radical-radical coupling mechanism 
forms a metal-oxygen covalent bond (Figure 9.1). The mechanism proposed does not 
involve electron transfer from the metal.
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(Cl8TPP)Mnn + 0 2-  ----- ► (ClgTPP)Mn111 - 0 0 ‘
I h 2o
(Cl8TPP)Mnm - OOH + OH"
|  h 2o
(Cl8TPP)Mnm - OH + HOOH
Figure 9.1 A mechanism for the reaction between superoxide and a manganese porphyrin (adapted 
from Sawyer, 1991). Further details are provided in the text.
The initial steps of the reaction catalysed by manganese superoxide dismutase are thought 
to occur by a similar process, and Mn(II) complexes with superoxide dismutase activity 
have been prepared (Archibald and Fridovich, 1982). Sawyer (1991, page 181) provides 
a useful description of the chemistry of these processes. Formation of a superoxide 
anion-radical cation pair is proposed to occur in the rubisco oxygenase reaction sequence 
(see Section 1.2.2.2). Therefore, the possibility of the occurrence of a reaction between 
superoxide anion and the rubisco complexed Mn2+ species bears consideration. For 
example, in Chapter 6 (Section 6.3.2) an oxygenase-dependent side-reaction was 
proposed to explain the significant 02-dependent inactivation of Mn2+-activated rubiscos 
which occurs during catalysis. However, the mechanism shown in Figure 9.1 prompts 
the speculation that oxidation of the active site manganese species to Mn(III) could 
produce a catalytically inactive site, which would be observed as a progressive decline in 
activity.
Pecoraro et al. (1994) have discussed the nature of reversible and irreversible interactions 
between manganese complexes and dioxygen. The occurrence of this type of chemistry 
leads to the speculation that the active site Mn2+ may have a direct catalytic involvement 
in oxygen reduction which has not been proposed for Mg-activated rubisco oxygenation. 
Is the shift in relative specificity towards RuBP oxygenation that occurs when Mg2+ is
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substituted with Mn2+ a result of a reaction between ground state dioxygen (or a reduced 
derivative) and the active site Mn species? Alternatively, rather than a direct reaction with 
ground state dioxygen or a reduced derivative (such as superoxide), could it be that 
dioxygen reversibly interacts with the active site manganese species to favour the reaction 
between the RuBP endiol/carbanion and oxygen over that with carbon dioxide? It may be 
possible to address these questions experimentally by attempting to spectroscopically 
observe a change in oxidation state of the active site Mn species or the existence of some 
form of manganese-dioxygen complex (see Pecoraro, 1994 for a review of such studies 
involving different Mn complexes).
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9.2. POSSIBLE MECHANISMS FOR Mn2+-ACTIVATED RUBISCO 
LUMINESCENCE.
9.2.1 A mechanism in which light emission originates from the rubisco 
active site manganese ion.
A minimal mechanism to account for the Mn2+-activated rubisco luminescence was 
described in Chapter 5 (Figure 5.12). The mechanism proposes that light emission from 
the active site manganese ion is stimulated by energy transfer from an excited state 
reaction intermediate or product. The excited state would be formed by a reaction 
between dioxygen and the RuBP-derived enediol. Based on other reaction systems that 
produce chemiluminescence, this mechanism could reasonably be expected to fulfil the 
fundamental energetic and mechanistic requirements needed for a light emission to occur 
(Section 1.5.1). Luminescence of the active site manganese ion indicates that the excited 
state must be contained within the active site. The most direct explanation for excited 
state formation would be that decomposition of the peroxy 0 -0  bond of an oxygenated 
reaction intermediate generates an excited carbonyl. However, the possibility of excited 
states resulting from a rubisco oxygenase-dependent side-reaction (see Section 1.3.4.9) 
and singlet oxygen formation cannot be eliminated. These three alternatives are discussed 
below.
9.2.1.1 A mechanism for luminescence involving energy transfer from an 
excited rubisco oxygenase reaction intermediate.
The decomposition of an organic peroxide to form an excited carbonyl is a common 
mechanism in chemiluminescent reactions, of which the dioxetane decomposition is a 
classic example. In addition to reaction intermediates with dioxetane and dioxetanone 
structures, other peroxy-containing species have been identified as the immediate 
precursors to chemiluminescent excited states (see Section 1.5.4). Therefore, it seems
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likely that energy released by cleavage of the 0 - 0  bond of the hydroperoxide in the 
rubisco oxygenase reaction sequence (Figure 1.4) would fulfil the requirement of energy 
sufficiency for chemiluminescence (Schuster and Horn, 1982). In this reaction scheme 
(Figure 9.2) energy liberated by the peroxide decomposition generates an excited 
carbonyl product that is sufficiently energetic to excite the active site Mn2+ ion. This 
occurs through a process of energy transfer within the enzyme-Mn-intermediate complex. 
By analogy to the orientation of CABP in the rubisco active site (Figure 1.7), the 
oxygenated peroxyarabinitol intermediate can be expected to provide at least three ligands 
to the Mn2+ ion. Assuming that this arrangement provides conditions favourable for the 
formation of an excited state (see Section 1.5.2), the mechanism provides a simple 
explanation for manganese luminescence, without the need to invoke additional 
chemistry.
9.2.1.2 A mechanism for luminescence involving energy transfer from a 
simultaneous transition singlet O2 pair.
A second alternative for Mn2+-activated rubisco luminescence is based upon a mechanism 
for the reversible oxidation of enolates proposed by Adam et al. (1982). These authors 
showed that the oxidation of a carboxylate carbanions (derived from diphenylacetic acid 
and isobutyric acid) was reversible and generated singlet oxygen. This is essentially the 
mechanism that Mogel and McFadden (1990) proposed for rubisco oxygenase-dependent 
singlet oxygen formation.
The effects of potential singlet oxygen quenchers (Chapter 8) provide no evidence for the 
existence of Mn2+-rubisco-generated singlet oxygen in bulk solution. However, this 
does not eliminate the possibility that the excited state precursor to luminescence is 
dependent upon singlet oxygen formation in the active-site. It is possible to observe 
luminescence of various organic acceptors in the presence of the H202/Na0 Cl singlet 
oxygen-generating system (Khan and Kasha, 1966; 1970). In these cases the light
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emission, called singlet oxygen-sensitised chemiluminescence, originates from the 
chemically unaltered acceptor molecule. This type of luminescence could reasonably be 
expected to produce light intensities which exceed that of a direct dimol emission.
Therefore, it is theoretically possible for singlet oxygen formation to account for the 
luminescence of the rubisco active site manganese ion. The luminescence would occur 
by means of a physical energy transfer from the singlet oxygen pair to the active site 
manganese species (Figure 9.3). An essential requirement for this mechanism is the co­
existence of least two singlet oxygen molecules in the rubisco active site, since the 
excitation energy of an individual singlet oxygen molecule (1280 nm; Khan and Kasha, 
1970) is insufficient to sensitize luminescence in the visible region. One final point that 
should be noted in considering this mechanism is that there is no conclusive evidence that 
rubisco catalyses singlet oxygen formation. Singlet oxygen generation by a mechanism 
similar to that proposed by Adam et al. (1992) would require that the energy of the 
rubisco-complexed oxygenated transition state (EC-Mn-R'-OO") is at least 22 kcal.mol'1 
higher than the carbanion-enzyme complex (EC-M n-R"'-00-).
9.2.1.3 Energy transfer from an oxygenase side-reaction product.
The possibility that the excited transition state responsible for stimulation of manganese 
luminescence is the product of an oxygenase side-reaction cannot be discounted. For 
example, certain mutant R.rubrum  rubiscos have been shown to form a dicarbonyl 
product, D-g/ycm?-2,3-pentodiulose and hydrogen peroxide as a result of decomposition 
of the hydroperoxy intermediate (Section 1.3.4.9). For one of these mutant enzymes it 
was also shown that the dicarbonyl could be further processed via a reaction with 
hydrogen peroxide to form Pglycolate and PGA (Chen and Hartman, 1995). This would 
also involve cleavage of a peroxide 0 - 0  bond and presumably, excited state formation 
and luminescence could occur in the manner described in Section 9.1.2.
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E xcited  state form ation  via hydroperoxide decom position
activated rubisco - substrate complex
hydroperoxide
transition complex
iiKgXjE °'oh) 4— °-°')
Figure 9.2 A mechanism for Mn2+-activated rubisco luminescence involving energy transfer from 
an excited carbonyl formed as an oxygenase reaction intermediate. R'_ represents the RuBP-derived 
endiol (or carbanion). C2—C3 represents a 5-carbon transition state which occurs upon decomposition 
of the hydroperoxide 0 - 0  bond. * indicates an excited state. The bond between these two parts of the 
molecule is shown as a dashed line to indicate that cleavage at C2-C3 could either occur simultaneously 
with or follow 0 - 0  cleavage. Further explanation is given in the text.
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E xcited  state form ation via a dim ol em ission o f singlet O2
PGA + Pglycolate
E C rfM nj- R ’-  O-OH
H+
EC H M n h  R O- O"
activated enzyme - substrate complex
ECKMnKR>-) + 302 EC
triplet oxygen 
________ y
U
; 0 2
tl
singlet oxygen
energy transfer 13
ECpiM ni-ZR’
4
ECH M nK R»
Figure 9.3 A hypothetical mechanism for Mn2+-activated rubisco luminescence via energy transfer 
from a simultaneous transition singlet oxygen pair. EC-Mn represents the carbamylated, Mn2+- 
complexed active site; R'" is the RuBP-derived enediol (or carbanion) and * indicates an excited state. 
Further explanation is provided in the text.
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9.2.2 A mechanism for electron transfer luminescence involving the 
rubisco active site manganese ion.
Reactions involving transition metal complexes commonly involve a process of electron 
transfer (see Section 1.6.2). Furthermore, electron transfer luminescence of transition 
metals ions does occur (Hercules, 1969). For this reason, the possibility that the rubisco 
luminescence involves a mechanism of electron transfer within the Mn2+-complexed 
active site (within the manganese coordination sphere) is not excluded here. For 
example, a CIEEL-type reaction sequence involving a peroxide reduction (Sections 1.5.3 
and 1.5.4) could possibly result in Mn excitation via a mechanism of electron transfer.
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9.3 APPLICATIONS OF Mn2+-RUBISCO LUMINESCENCE.
9.3.1 The applicability of Mn2+-activated rubisco luminescence to the 
study of Mg2+-rubisco catalysis.
The Mn2+-activated rubisco luminescence provides a simple means for directly measuring 
rubisco-catalysed oxygenation rates. Compared to an oxygen electrode, the assay offers 
significant improvements with respect to sensitivity and response times. However, the 
validity of using Mn2+-activated rubisco luminescence to make conclusions about the 
activity Mg2+-activated enzyme (the form which occurs in vivo) needs to be addressed.
It is possible that Mn2+-activated rubiscos catalyse oxygenase chemistry which is 
different from the Mg2+-activated enzyme (see Section 9.1.2). For example, in Chapter 
6 it was shown that Mn2+-activated rubiscos inactivate during catalysis in the presence of 
oxygen. Also, nothing is known regarding possible effects that Mn2+-substitution has 
on interactions between reaction intermediates and amino acid residues in active site. 
However, the rates of RuBP carboxylation and oxygenation catalysed by Mn2+-activated 
rubiscos are not grossly dissimilar to those of Mg2+-activated rubiscos (Christeller, 1981; 
Jordan and Ogren, 1983). This suggests that the influence of Mn2+ on at least some of 
the partial reaction events is not all that different from Mg2+.
9.3.2 Characterisation of the activity of rubiscos from different species 
and mutant rubiscos.
Characterisation of rubisco luminescence using three different rubiscos revealed that the 
light intensity relative to the rate of oxygen uptake differs between different enzymes. 
Furthermore, it was found that reactions involving manganese (discussed in Section
9.1.1) influenced the activity of rubiscos from different organisms in different ways
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(Chapters 3 and 4). This means that for studies involving different rubiscos the 
luminescence should initially be characterised against oxygenase activity measurements. 
For mutant rubiscos with particularly low catalytic rates, this may limit the applicability of 
the luminescent assay. However, a thorough characterisation of the properties of mutant 
rubiscos ideally would involve the assessment of a range of aspects of rubisco catalysis.
9.3.3 Measurement of pre-steady state rubisco catalysis.
The rapid response times which can be achieved with the rubisco luminescent assay 
coupled with particularly slow reaction rates (kcat ~ 0.2 s_1 for Mn2+-activa ted  
oxygenation of higher plant rubiscos) allows the assay to be used to follow one aspect of 
rubisco catalysis during the initial catalytic turn-over. For example, with the R.rubrum  
E48Q mutant rubisco (Chapter 7), the effects of the mutation on the Mn2+-activated 
luminescence and oxygenase activity was compared with its previously published 
characteristics (see Hartman and Harpel, 1994, 1995).
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APPENDIX 1 Estimation of total CO2 in rubisco reaction mixtures.
The process of rubisco activation requires the presence of CO2 to carbamylate Lys201. 
However, in order to suppress RuBP carboxylation, rubisco oxygenase activity or 
luminescence was generally measured in reactions that contained a minimal amount of 
CO2. To achieve this, the enzyme was pre-incubated in the optimum concentration of 
CO2 (added in the form of NaHC03) and injected into the reaction mixture as a small 
aliquot of this pre-activation mixture, which significantly diluted the HCO3 7 CO2 
concentration.
Spinach and R.rubrum  rubisco were pre-activated in 10 mM and 40 mM bicarbonate, 
respectively.
It is possible to calculate the equilibrium concentrations CO2 and HCO3" and hence the 
amount of dissolved CO2 available in the reaction mixture for carboxylation.
C02 + H20  -  H2CO3 -  HCO3- + H4
Assuming that CO2* = C 0 2 + H2CO3 allows the equation to be written as 
C02* + H20  -  HCO3- + H4
If it is also assumed that more than 99 % of the dissolved C 0 2 is in the form of C 0 2 
(Edsall and Wyman, 1958) then the Henderson-Hasselbach equation can be 
approximated as
pH = pKa + log([HC03-]/[C02]) .
Using a pKa = 6.35 at 25 °C (Edsall and Wyman, 1958) allows the equilibrium ratio of 
[HC03"]/[C02] at pH 8.0 to be calculated.
log([HC03-]/[C 02]) = 8.0 - 6.35 = 1.65 
[HC03-]/[C02] = 44.7
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[HCO3-] + [C 02] = 40 mM 
=> [HCO3I  = 40 - [C 02]
substituting this into the top line of [HC0 3 "]/[C 0 2 ] = 44.7 allows the equilibrium 
concentration of [CO2] in the pre-activation mixture to be calculated.
(40 - [C 02]) / [C 02] = 44.7 
=> [C 0 2] = 0.88 mM
Therefore, the concentration of CO2 carried-over with a 10 pi addition of pre-activated 
enzyme into a 500 pi reaction will be 17.6 pM
The concentration of dissolved CO2 in air-equilibrated H2O at 25 °C will be 11.6 pM 
(Edsall and Wyman, 1958). Therefore, the total concentration of dissolved CO2 in the 
reaction can be estimated as
17.6 + 11.6 = 29.2 pM C 0 2
Similarly, the total concentration of dissolved CO2 in reactions to which pre-activated 
spinach rubisco (in 10 mM bicarbonate) was added in the same manner would have been 
16.0 pM C 0 2.
If 40 mM HCO3 is added to a pre-activation at pH 8.0 then,
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A PPEN D IX  2 E stim ation  of the effect of d ifferen t H C 0 3 " concen tra tions 
on the  re la tiv e  M n2 + -ru b isco  carboxy lase /oxygenase  ac tiv itie s  in a ir-  
sa tu ra te d  reactions.
Using the procedure described in Appendix 1 , it is possible to estimate the total 
concentration of dissolved CO2 in a rubisco reaction mixture. CO2 in solution will be in 
equilibrium both with atmospheric CO2 and the HCO3- added to the reaction.
If the concentration of CO2 and O2 is known, the relative carboxylase/oxygenase 
activities can be calculated using the following relation (Laing et al., 1974).
VC
VO Srel * [C 0 2 1
[02]
where Srel =
Vc/Ko
Vo/Kc
Assuming that the O2 concentration in an air-saturated reaction is 253 qM (Walker, 1987) 
and Srei values of 1.3 for Mn2+-rubisco from R.rubrum  and 3.0 for the spinach enzyme 
(Jordan and Ogren, 1983) enables the v c/v 0 to be estimated. The effect of different 
bicarbonate concentrations on Vc/v0 for R.rubrum  and spinach Mn2+-rubisco is shown 
graphically below.
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Table 3.2 compares the rates of R.rubrum  Mn2+-rubisco carboxylation and oxygenation 
determined in air-saturated reactions with 20 mM NaHC03 added. These activities 
indicate values for v c/v 0 of 1.0 and 1.1, respectively, for reactions in Tris and EPPS. 
However, the relationship shown above indicates that this ratio corresponds to a 
bicarbonate concentration of about 9.5 mM. This suggests that less than 50 % of the 
bicarbonate added to the reaction is in equilibrium with dissolved CO2.
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